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Luminescent nanoparticles such as lanthanide-doped upconversion 
nanocrystals have been the focus of a growing body of investigation because 
of their promising applications ranging from sensors to biological imaging and 
drug delivery. The aim of this thesis was to further investigate on synthetic 
approaches, structural features, optical properties and their relationship to the 
functionality of these nanocrystals. Therefore, several rational methods to 
control the functionalities of upconversion nanomaterials were developed. The 
potential applicability of these novel materials in practical uses was also 
evaluated. 
Firstly, a novel design was examined, based on a combination of 
lanthanide-doped upconversion nanoparticles and manganese dioxide 
nanosheets, for rapid, selective detection of glutathione in aqueous solutions 
and living cells. In this approach, manganese dioxide (MnO2) nanosheets 
formed on the surface of nanoparticles serve as an efficient quencher for 
upconverted luminescence. The luminescence can be turned on by introducing 
glutathione that reduces MnO2 into Mn
2+
. The ability to monitor the 
glutathione concentration intracellularly may enable rational design of a 
convenient platform for targeted drug and gene delivery. 
Next, a novel class of KYb2F7-based upconversion nanocrystals adopting an 
orthorhombic crystallographic system in which the lanthanide ions are 
distributed in arrays of tetrad clusters was investigated. In this study, it is 
found that the unique tetrad arrangement of lanthanide clusters enables photon 
energy circling at the sublattice level, which effectively minimizes the 
migration of excitation energy to defects even with an extremely high Yb
3+
 
content (calc. 98 %). This allows us to generate violet upconversion emission 
from Er
3+
 with intensity that is more than eight times higher than was 
achievable by previously reported nanocrystals. This result highlights the 
possibility of enhancing upconversion at the high-energy end of the visible 




Finally, the Gd-assistant energy migration NaGdF4 based core-shell 
upconversion nanocrystals was studied. In this project, it is shown that by 
rational design of a core-shell structure with a set of lanthanide ions 
incorporated into separated layers at precisely defined concentrations, efficient 
upconversion emission can be realized through Gd sublattice-mediated energy 
migration for a wide range of lanthanide activators without long-lived 
intermediary energy states. This finding suggests a general approach to 
constructing a new class of luminescent materials with tunable upconversion 
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1.1 Overview of lanthanide-doped materials 
Lanthanide-doped materials are a group of materials which contain 
lanthanide dopants (mostly trivalent lanthanide ions) in hosts of solid crystal 
or glass.
1
 The lanthanide-doped materials have been investigated for many 
years with regard to their diverse applications ranging from high pulse lasers, 
solar cells to optical electrodes.
2-5
 The unique optical properties of these 
materials have rendered their potential utilization in biological applications 
such as biolabeling.
6 
Lanthanide-doped materials typically comprise an insulating crystal host 
matrix and lanthanide ions embedded in the host. The host materials 
commonly exist in forms of oxides, complex oxides, chlorides or fluorides.
1
 
Upon doping with lanthanides, these materials would be endowed with unique 
luminescence properties. The luminescence of these materials primarily 
originates from electronic energy transfer within the discrete 4f orbital energy 
levels of lanthanides (Figure 1.1). Well-shelled by the 5d orbitals, the ladder-
like 4f energy levels enable a unique luminescence process which converts 
long-wavelength excitation energy to short-wavelength emission. This unique 
process, known as upconversion luminescence, has drawn much attention 
leading to the invention of lanthanide-doped upconversion materials in 
technical application.  
1.2 Introduction of lanthanide-doped nanocrystals 
Solid materials with at least one dimension lying between 1-100 nm are 
called nanomaterials. Size of a nanoparticle is larger than ion/atom cluster but 
small enough to exhibit Brownian motion. Recently, the advance of 
nanotechnology has offered the development of lanthanide-doped nanocrystals 
with advance optical and structural properties.
7






Figure 1.1 Partial 4f energy level diagrams in the range from 0 to 37500 cm
-1
 
for the trivalent lanthanide ions which were studied in this thesis.  
 
 
show different optical properties from their corresponding bulk materials. For 
example, the Y2SiO5:Eu
3+
 nanocrystals own a high quenching concentration 
and luminescence intensity than the bulk, suggesting the opportunities of 




During the past ten years, intense studies have been devoted to the 
development of novel nano-sized (around 1-100 nm in diameter) lanthanide-
doped materials which were compliable to biological systems. So far, the 
advances in nano-synthesis have enabled the preparation of numerous types of 
lanthanide-doped nanocrystals with tunable size, morphology and 
luminescence properties. However, difficulties encountered in the fabrication 





of the most challenging issues is how to give these nanocrystals rational 
functionality without losing their luminescence properties. 
1.3 Concept of upconvesion process 
The upconversion process is an anti-Stokes emission process which 
involves the converting of two or more low-energy pump photons to a higher-
energy output photon.
9 
Since the upconversion emission was first discovered 
in the 1960s, it has attracted a great of research interest due its applications in 
a number of diverse fields. The role it played in laser, data storage, 3D display 
and biomedicine has been unveiled by a large number of reports.
10
 
The anti-Stokes upconversion process can be classified into five classes: 
two-photon absorption (TPA), second harmonic generation (SHG), excited-
state absorption (ESA), energy transfer upconversion (ETU) and energy 
migration upconversion (EMU).
4,9,11 
All of these five mechanisms are based 
on the sequential absorption of two or more photons by metastable, long-lived 
energy states (Figure 1.2). This sequential absorption leads to the population 
of a high-lying excited state from which upconversion emission occurs. 
Generally, the lanthanide materials based upconversion processes are 
dominated by the ESA and ETU mechanisms. In the case of ESA, the emitting 
ions sequentially absorb at least two photons of suitable energy to reach the 
emitting level. In the case of ETU, one photon is absorbed by the sensitizing 
 
 
Figure 1.2 Simplified energy level diagrams depicting different upconversion 
processes. The TPA, SHG, ESA, ETU and EMU represent two-photon 
absorption, second harmonic generation, excited-state absorption, energy 







); a subsequent energy transfer from the sensitizers towards the 
activators would result in the population of a highly excited state of the 
emitting ion. By applying these two upconversion concepts in nanomaterials, 
numerous upconversion nanocrystals have been designed and synthesized.  
1.4 Lanthanide-doped upconversion nanocrystals  
In the combination the upconversion process and the advance of 
nanotechnology, lanthanide-doped upconversion nanocrystals which convert 
near-infrared radiation to visible emission has been considered as promising 
luminophores for broad applications.
12
 In contrast to organic fluorophores, the 
upconversion nanocrystals exhibit sharp emission bandwidth, long lifetime, 
high photostability and low cytotoxicity. More importantly, the near-infrared 
excitation source offers a substantially higher tissue penetration depth, lower 
autofluorescence background signals and causes less damage to biological 
samples than UV excitation. These advantages make the lanthanide-doped 
upcoversion nanocrystals particularly attractive in research areas including 
biological imaging, photonics, photovoltaics, and therapeutics. These broad 
applications have also fuelled a growing demand of studies for functional 
control over emission profiles of the nanocrystals.  
The studies on lanthanide-doped upconversion nanocrystals are mainly 
divided into two aspects including basic theories and practical applications. 
The early research on lanthanide-doped upconversion nanocrystals was 
focused on their optical property and the discovery of new utilizations. One of 
the research interests is the development of novel synthetic techniques for 
controlling their optical properties. A general introduction of the fine-tuning of 
optical properties and functionalization of upconversion nanocrystals is 









1.5 Optical properties tuning of upconversion nanocrystals 
1.5.1 The tuning of dopant ions 
Unlike undoped semiconductor quantum dots in which the luminescence 
primarily originates from the recombination of excited energy between 
conduction band and valence band for the host. The emission of lanthanide-
doped nanomaterials is typically caused by the luminescence of individual 
elementary dopants in the solids. One of the outstanding features for doped 
luminophors is that the emission colors can be adjusted by varying the dopant 
composition or concentration without changing the host structures. 
In general, doping nanocrystals with trivalent lanthanide ions provide 







-doped InGaN quantum dots
14
 show characterized 















 electron configurations of trivalent lanthanide ions 
feature a large number of intra-atomic energy levels which enable a variety of 
emissions through the diverse electron transitions. As a result, lanthanide-
doped nanophosphors can be made to emit at a wide range of wavelength from 
ultraviolet to infrared by proper selection of doping ions (Table 1.1). 
The luminescence sensitization can be implemented by co-doping the 





 leads to strong luminescence (QY > 60%) via efficient 






 The parity-allowed f→d energy transition 
in Ce
3+
 has intensity about 10,000 times stronger than the parity-forbidden 
f→f transitions in Tb3+, and thus boosting much stronger absorption to 




 can also co-dope with other 
lanthanides to generate variable emission from different emitting ions. For 





 (Ln = Tb, Eu, Dy and Sm).
16
 A key advantage of this 
design is that the energy transfer from the Ce
3+
 to the emitting ions is mediated 
by energy migration through the host Gd sublattice. As a result, efficient 
sensitization can be realized at low dopant concentrations (< 5 mol %), in 

























 4G5/2    → 
6H5/2
 564 17,730 
   6H7/2
 601 16,639 
   6H9/2
 644 15,528 
Eu 7F0 
5D0       → 
7F0,1,2,3,4 570–720 13,889–17,544 
Tb 7F6
 5D4       → 
7F6,5,4,3 480–650 15,385–20,833 
Dy 6H15/2
 4F9/2     → 
6H15/2 486 20,576 
   6H13/2 575 17,391 
   6H11/2 664 15,060 
Ho 5I8
 5S2, 
5F4  → 
5I8 540 18,519 
   5I7
 749 13,351 
   5I6 1012 9881 
  5F5           → 
5I8 644 15,528 
   5I7 966 10,352 
  5I6            → 
5I8 1180 8475 
Er 4I15/2
 4G11/2       → 
4I15/2 380 26,316 
  2P3/2           → 
4I13/2 408 24,510 
   4I11/2
 480 20,833 
  2H11/2        → 
4I15/2 525 19,048 
  4S3/2          → 
4I15/2 545 18,349 
   
4I13/2
 850 11,765 
  4F9/2           → 
4I15/2 665 15,038 
  4I9/2            → 
4I15/2 800 12,500 
  4I11/2          → 
4I15/2 980 10,204 
  4I13/2          → 
4I15/2 1540 6494 
Tm 3H6
 1D2             → 
3H6 360 27,778 
   3F4 450 22,222 
  1G4             → 
3H6 475 21,053 
   3F4 650 15,385 
   3H5
 786 12,723 
  3H4            → 
3H6 800 12,500 
  3F4             → 
3H6 1800 5556 
Yb 2F7/2
 2F5/2          → 





Base on this concept, efficient photo-upconversion emission with an ETU 
mechanism can be achieved by the co-doping strategy. As a typical example, 
exciting Yb/Er co-doped NaYF4 nanocrystals with 980 nm near-infrared (NIR) 
light leads to shorter-wavelength emission at 540 nm.
17
 In this structure, the 
ladder-like energy levels of Er
3+
 are stepwisely populated by low photon 
energy from Yb
3+
 which then promotes emission from Er
3+
 at its higher energy 
levels. Although single lanthanide ion can also be upconverted by sequentially 
absorbing two (or more) photons using its own intermediary energy levels 
(though ESA process), the efficiency is much lower than the co-doped Yb
3+
-
sensitized upconversion emission due to the relatively larger absorption cross-
section of Yb in the 900-1100 nm NIR region. The combination of Yb
3+
 with 
different emitting activators results upconversion emission from different 
activators. However, most of the examples with high upconversion efficiency 
are only concentrated on relatively few couples, such as Yb/Er, Yb/Tm, 















 and so on. 
Since the energy levels of lanthanide ions are hardly affected by the 
embedding matrix, it is unlikely to fine tune the emission wavelengths for the 
limited types of lanthanide activator ions. Typically, the emission color of 
lanthanide-doped upconversion nanocrystals is tuned by modulation of the 
multi-peak emission of a lanthanide activator through control of dopant-
dopant interaction correlated with dopant concentrations.
 
In 2008, Liu et al. 
first demonstrated that the red-to-green emission ratio of Er
3+
 in NaYF4:Yb/Er 









 Similarly, the NIR-
to-visible emission ratio of Tm
3+
 in NaYF4:Yb/Tm nanoparticles was 
modulated by control of cross-relaxation between Tm
3+





The tunability of the emission color can be further extended by 
incorporating other types of activators that emit at distinct wavelengths. In this 
way, a wide range of tunable emission from lanthanide-doped nanocrystals 
with different hostmaterials can be achieved. Prominent examples are the 













interaction between some transition metals and lanthanide dopants may also 
bring out tunable luminescence spectra. This was demonstrated in the 





 promoting population of excitation energy in 
4
F9/2 state of Er
3+
, 









1.5.2 The tuning of host structures  
As far as the luminescence properties of the doping elements are concerned, 
their surrounded host lattice requires particular attention. The host matrix is 
important not only in offering a framework to organize and protect the 
lanthanide dopants, but also directly alter the optical transitions of the dopant 
ions by exerting a crystal field around the dopant or promoting energy transfer 
through charge transitions.  
Generally, lanthanide dopants are more commonly applied in insulating 
hosts such as LaPO4, LaF3, Y2O3, and NaYF4. Generally, oxide and complex 
oxide hosts are chemically stable. However, their high phonon energy 
typically results in enhanced nonradiative relaxation and less efficient 
emission. On the other hand, chlorides with low phonon energy are considered 
efficient luminescence hosts, but they are basically water-soluble and thus 
unsuitable for bio-applications. In comparison, the fluoride hosts which 
feature high stability and low phonon energy have been considered as an ideal 
matrix for luminescent lanthanide dopants. Due to the similarity of adjacent 
lanthanide elements, the trivalent lanthanum (La
3+
) or yttrium (Y
3+
) sites in 
these hosts can be easily substituted by other lanthanides with any proportion, 
therefore, enabling the formation of complicated doping systems.  
In some cases, the host matrix can be used to sensitize luminescence of the 
lanthanide dopants. This has been intensively investigated in downconversion 
luminescence materials. A good example is the doping of lanthanide ions in 
YVO4.
31
 The YVO4 host allows for indirect excitation of lanthanide ions via 
the charge-transfer transition within the VO4
3-
 group, followed by energy 
transfer to the lanthanide dopants. Thus, high efficient photoluminescence can 
then be got from lanthanide activators. In addition, reports have shown that the 
























The host matrices have a more extensive impact on upconversion 
luminescence. The variation in host matrix will cause the change of site 
symmetry and the energy regulations for the doped lanthanide ions leading to 
the change of the luminescence properties. As a typical example, the 
upconversion emission in cubic-phased NaYF4:Yb/Er is about an order of 







I15/2 transition at ~660 nm is more pronounced in 




I15/2 transition at ~540 nm is 
dominated in the hexagonal phase NaYF4.  
Based on the host structure-dependent mechanism, it is important to control 
the lattice phase in order to tuning the emission properties of upconversion 
nanocrystals. Several groups have developed method to tune upconversion 
properties through modifying local structure of host lattices. In 2010, Liu and 
co-workers demonstrated the control of the phase and size of nanocrystal hosts 
through lanthanide doping.
34
 They found that by intentionally doping Gd
3+
 in 
the cubic phase NaYF4 the phase of the nanocrystals would turn from cubic to 
pure hexagonal. By doping binary Yb/Er doped or ternary Yb/Er/Tm doped 
NaYF4 with Gd
3+
 ions, they have successfully achieved fine tuning the visible 
emission color of the upconversion nanocrystals. Followed by this concept, 









 nanocrystals.  
In addition to the doping strategy, Hao and co-workers demonstrated the 
control of structural symmetry of a ferroelectric BaTiO3 host by applying 
direct current bias voltage.
37
 In their design, the emission of Er
3+
 dopant was 
modulated under a sinusoidal AC bias, paving the way for novel applications 
such as electrically controlled upconversion luminophors. 
1.5.3 The tuning of dopant positions  
    The difficulties encountered in early attempts to prepare novel lanthanide-
doped nanocrystals with desired optical properties have drawn attention to the 
new challenge issues when doped more than one types of ions into one single 
nanocrystal. One of the most challenge issues is that for many doped 
nanocrystals the introduction of extra dopants tends to quench luminescence in 






Figure 1.3 The strategies for spatial confinement doping of lanthanide ions in 
different nanoparticles. (a) Different dopants are homogenously or randomly 
doped in the host nanoparticle. (b) Different dopants are incorporated only in 
the core layer of the nanoparticle. (c) Different dopants are separately doped in 
the core and shell layers, respectively. 
 
 
examine other methods to incorporate multi-dopants that do not impact 
luminescence efficiency, such as separately doping different dopants in inner-
core and outer-surface, respectively. More recently, the advance in non-
hydrolytic solvent thermal synthetic methods for preparing nanoparticles with 
sophisticated core-shell architecture has allowed researchers to synthetically 
control the dopant sites in a nanocrystal leading to impressive development of 
the spatially-confined doping for upconversion nanocrystals (Figure 1.3). 
The studies of spatially-confined doping started with the synthesis of inert-
core protected nanocrystals. If one considers the enormous surface/volume 
ratios of a nano-sized material, dopants substituting the host at its surface sites 
may differ quite considerably from those in the nanocrystal cores in their 
geometries, physical properties and outer environments. Generally, doping 
close to the surface is considered to be harmful because approaching the 
luminescent dopants to the surface quenching sites increases the quenching of 
optical emission. In contrast, surrounding the luminescent doped-core with a 
nonluminescent shell strongly increases the emission efficiency by completely 
separating the emission centers from the surrounding surface quenching sites 
such as surface defects, ligands and solvent molecules.
38
 In most cases, the 
lattice space of core and shell materials is similar, so that the core and shell 
can merge without defect mismatch at the boundary. In order to confine the 
dopants completely into the core region, a two-step procedure is employed of 





epitaxial growth of an inert shell on its surface. By selecting proper shell 
materials, this method is applicable to almost all kinds of doped-










With an enhancement factor of over several hundreds times, this core-shell 
strategy is known to yield the most efficient lanthanide doped nanomaterials 
with luminescence efficiency that are comparable to bulk materials.
43
 
However, the passivated shell coating does not affect the energy exchange 
interactions among the different dopants, thus cannot further tuning the 
emission properties. Finally, the inert shell may limit the Förster resonance 
energy transfer (FRET) applications for the core-shell nanocrystals as it 
separates the emitting dopants and energy acceptor molecules (attached on the 
surface of a nanocrystal in most cases) by a distance of several nanometers.
44
 
Besides confined dopants in core region with passivated shell coating, the 
use of specific nano-structures to deliberately partition dopants inside the 
nanocrystals opens up new opportunities for manipulating the 
photoluminescence properties. Although non-spatial controlled multi-doping 
in homogenous systems have proven to be useful in tuning the emission 
properties of doped materials (e.g. Yb/Er/Tm ternary doping system), the 
selection of dopant ions should follow stringent criteria because the extensive 
dopant-dopant interactions may induce deleterious quenching effect. This 
issue can be overcome by precisely controlled doping of the multi-dopants to 
different dopant sites inside a single nanocrystal. For example, Zhang et al. 





 in core and shell layers, respectively.
45
 In contrast to 
Yb/Tm/Er tri-doped NaYF4 nanoaprticles, the core-shell design offers 
remarkably improved emission intensities owing to suppressed energy 




. The similar phenomenon has 
also been demonstrated later by Wang and co-workers in 





 has been obtained through spatial confined doping.
46
 
It is also a good idea if doping activators in one layer and doping sensitizers 





One of the examples is the use of active-shell coating on luminescence 
enhancement of lanthanide-doped upconversion nanocrystals. In this core-
shell structure, an active-shell which contains Yb
3+
 sensitizers was coated on 
the conventional Yb/Er co-doped upconverted core nanoparticle. The doped-
shell has dual functions in protecting the activators from surface quenching 
induced energy loss and prompting excitation energy absorption through Yb
3+
 
ions, leading to the enhance of the luminescence from the core nanoparticle. 





 Some other 
dopants featured similar properties have also been doped into the shell layer. 
Prominent examples are BaF2:Yb,Tm@SrF2:Nd nanocrystals
49
 and 




More interestingly, a lot of fascinating optical properties that are in 
principle inaccessible by conventional bulk materials can be realized by the 
spatial confined doping. This has been demonstrated recently by Liu et al. in 
investigation on energy migration upconversion of 











 In their design, the upconversion process and light emission 
process are separated in core and shell layers in a single nanoparticle 
respectively. The NIR photons are first accumulated to higher excited energy 
through the upconversion process by Yb/Tm co-dopants in the core. The 
upconverted energy then migrates from the core of the nanoparticles to the 
doped activators in the shell, where they relax and emit. The authors found 
that the Gd-sublattice has played important role in initiating the energy 
migration process to bridge energy transfer through the core-shell interface. In 
this regard, lanthanide dopants which are considered not suitable for photon 









) can now be doped as emitting ions, enabling a 
broad tunability of the upconversion emission. 
It is worthwhile to note that this phenomenon cannot be achieved by 
conventional homogenous co-doping strategies, as co-doping multi-dopants 
together may quenching the emission from each dopant because of the 












Next, the energy transfer among different dopant layers is only available in 
sub-10 nm range, thereby requiring the creating of sophisticated architecture 
within nano-scale which is also inaccessible by conventional bulk materials. 
By this mean, the combination of nano-structural engineering and doping 
technology in this example may suggest a general approach to constructing a 
new class of luminescent materials displaying exciting optical properties. 
1.6 Functionalization of upconversion nanocrystals 
Compared with conventional fluorophores such as organic dyes or quantum 
dots, upconversion nanocrystals generally feature several outstanding 
advantages such as high photo/thermal stability, sharp emission peaks, and 
large anti-Stokes shifts. Moreover, the NIR excitation source (typically 980 
nm) does not generate auto-fluorescence background and also features high 
penetration depth in biological specimens. Because of these features, 
upconversion nanocrystals are now enjoying significantly increasing attention 
in wide range of fields ranging from solid state lasers and display devices to 
solar energy harvesting and bioimaging.  
Driven by the motivation of developing novel functional upconversion 
nanocrystals, researchers have tried assembling different chemical properties 
into one composite of upconversion nanocrystals by addition of external 
molecular or particulate functional groups. The integration of different 
functional materials essentially provides additional methods to modulate the 
properties of upconversion nanocrystals. A brief overview of some typical 
functional materials is presented below. 
Organic molecules. The properties of upconversion nanocrystals can be 
extensively controlled by organic molecules. This has been intensively 
investigated by a number of independent research groups. Actually, most of 
the practically applicable upconversion nanocrystals were functionalized by 
organic molecules. For example, it has been demonstrated that the coupling of 
upconversion nanocrystals with organic dyes such as fluorescein isothiocyante 
(FITC) and tetramethylrhodamine isothiocyanate (TRIC) can get upconversion 





lanthanide dopants to the dye molecules through fluorescence resonance 
energy transfer (FRET).
52
 Remarkably, upon the energy transfer from 
lanthanide dopants the luminescence lifetime of organic dyes can be prolonged 




Besides the fluorescence dyes, numerous types of organic molecules have 
been conjugated with upconverison nanocrystals. For efficiently utilizing the 
upconverted energy, the organic molecules should have specific absorption 
region which overlaps the emission wavelength of emissive lanthanide 




. The resulting excited organic molecules can be 
used for generating the singlet oxygen for photodynamic therapy,
54
 controlling 
the formation or breaking of covalent bonds for remote controlled drug 
delivery,
55
 upconversion luminescence based biodetection
56
 and so on.  
Quantum dots and wide bandgap semiconductors. Besides organic 
molecules, several groups have coupled a variety of semiconductors to the 
upconversion nanocrystals through different chemical approaches. For 
example, NaYF4:Yb/Er nanocrystals have been coupled with CdSe quantum 
dots which offers NIR excitation induced photoconductive in addition to 
tunable photoluminescence;
57
 nanostructured TiO2 has been integrated with 
NaYF4:Yb/Tm nanocrystals for photodegradation of environmental waste
58
 
and enhanced NIR light harvesting.
59
 In these cases, CdSe and TiO2 have been 






Noble-metal materials. Noble-metal nanomaterials such as gold and silver 
nanocrystals have now achieved considerable importance in biosensing. It is 
interesting to combine noble-metal with upcoversion nanomaterials.  For 
example, the plasmon resonance of gold nanoparticles falls in ~530 nm which 







Therefore, in early attempts gold nanoparticles were applied as nanoquenchers 
for upconversion nanocrystals. By controlling the distance between gold and 
upconversion nanocrystals, the green emission of Er
3+
 can be selectively 










modified NaYF4:Yb/Er and gold nanocrystals to detect the concentration of 
avidin in aqueous solution.
61
  
In addition to quenching the luminescence of upconversion nanocrystsals, 
noble-metal nanocrystals were found to be useful for enhancing the 
upconversion luminescence through surface plasmon resonance enhancement. 
In 2009, Yan and co-workers first reported the plasmon enhanced 
upconversion luminescence in silver nanowires assembled NaYF4:Yb/Er 
upconversion nanoparticles.
62
 They find the green and red emission of Er
3+
 
were enhanced by factors of 2.3 and 3.7, respectively. Similar phenomena 
have also been demonstrated in gold coupled upconversion nanoparticles. As a 
typical example, Huang et al. modified NaYF4:Yb/Tm with gold nanoparticles 
through a layer-by-layer approach. They found the upconversion intensities 
were enhanced by 2.5 times after the attachment of gold nanoparticles.
63
 The 
enhanced emission is generally contributed to the amplification of electric-
filed of excitation light as well as the modulation of radiative transition rate of 
upconversion emission by the effects of surface plasmon resonance of noble-
metals.
64
 This strategy may pave the way for the design of a platform for 
photo-current enhanced NIR-light harvesting.
65
 
1.7 Scope and outline of the thesis 
In view of the above review, the growing demand for rational control over 
the functionalities of upconversion nanomaterials in diverse potential 
applications has stimulated numerous fundamental studies on emission 
profiles and energy transfer mechanisms of lanthanide-doped upconversion 
nanomaterials. Despite the progress that has been made, challenges still 
remain:  
i) Most of the previous studies in tuning the emission of upconversion 














 etc.) is still challenging.  
ii) The upconversion emission involves an energy regulation process 
for two or more photons within several neighbored lanthanide 





process is still low. It is necessary to increase the upconversion 
efficiency for the purpose of practical uses.  
iii) There is still a lack of rational methods for combining other 
functional materials with these nanocrystals.  
    Based on the above limitations, I aimed at how to control the luminescence 
properties of upconversion nanocrystals by confining doping positions and 
hosts. I also aimed at how to enhance the energy transition from a single 
nanocrystal by modulating its energy regulation. The outline of this thesis 
includes: 
 To design novel MnO2-nanosheets-modified upconversion nanoprobes for 
the determination of glutathione molecules in aqueous solutions and living 
cells. In this procedure, MnO2 formed on the surface can efficiently 
quench the upconverted emission of the nanoprobes. The luminescence 
can then be turned on by introducing glutathione that reduces MnO2 to 
Mn
2+
. The ability to monitor the glutathione concentration intracellularly 
may enable rational design of a convenient platform for targeted drug and 
gene delivery. 
 To develop KYb2F7 nanorods based upconversion luminophors for 
enhancing ultraviolet upconversion emission. An orthorhombic 
crystallographic system was applied in which the lanthanide ions are 
distributed in arrays of tetrad clusters to minimize the effect of 
concentration quench. In this way, I have successfully generated strong 
violet upconversion emission from Er
3+
 with an eightfold higher intensity 
than that has been reported previously. 
 To demonstrate the Gd-assistant energy migration upcovnersion for the 
NaGdF4 based upconversion nanocrystals. I found that the internal energy 
migration would tune upconversion properties for a rather wide range of 
activators expanding the range of applications for lanthanide-doped 
nanoparticles. 
The scope of this thesis involves the design, fabrication and mechanical 
studies of upconvesion nanocrystals with either unique crystal lattice 
structures or novel core-shell heterogeneous structures. Due to the time limit, 
the applications of these upconversion nanomaterials were not fully studied 





should be useful in preparing high efficient upconversion nanomaterials for 
practical applications such as drug delivery, gene targeting, as well as solar 
energy conversion. 
The details of the thesis will be individually presented in the following 
chapters. In Chapter 2, I will introduce the MnO2-nanosheets-modified 
upconversion nanoprobes and its application in detection of glutathione as 
mentioned above. In the Chapter 3, the development of KYb2F7 nanorods 
based upconversion luminophors will be discussed. The way how to enhance 
the upconversion emission with this crystallography design will be explained. 
Followed by this, the energy migration upconversion will be demonstrated in 
Chapter 4. Finally, the conclusion and future recommendation will appear in 
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Glutathione (GSH, L-γ-glutamyl-L-cysteinyl-glycine) is the most abundant 
thiolated tripeptide in mammalian and eukaryotic cells. GSH is an essential 
endogenous antioxidant that plays a central role in cellular defense against 
toxins and free radicals.
1 
GSH levels are implicated in many diseases typically 
associated with cancer, aging or heart problems.
2
 Thus, it is important to be 
able to monitor the change of GSH concentration in real time. Conventional 
methods for monitoring cellular GSH levels are generally based on thiol-
sensitive organic fluorophores.
3,4
 Despite their usefulness, these organic 
fluorophores, however, are unsuitable for long-term assays due to 
photobleaching and for sample labeling at a substantial depth because of low-
depth tissue penetration by UV/visible excitation light sources.  
The use of lanthanide-doped upconversion nanoparticles (UCNPs), which 
convert near-infrared (NIR) radiation to visible light,
5
 provide an alternative 
method for GSH monitoring. In contrast to organic fluorophores, UCNPs have 
several outstanding features: i) they offer high photo and thermal stability; ii) 
NIR excitation source (typically 980 nm) offers a substantially  higher tissue 
penetration depth and causes less damage to biological samples than UV 
excitation source; and iii) the NIR-excitation technique features non-blinking
6 
and non-autofluorescence assays, resulting in significantly improved signal-to-
noise ratios. These advantages make the UCNPs particularly attractive for 
biolabeling and biosensing.
7   
During the course of the investigation on energy migration upconversion,
8 
Our group discovered that the upconverted luminescence can be effectively 
quenched by MnO2 nanosheets formed in a solution of UCNPs. The quenching 
is highly efficient as 20 mol% of MnO2 nanosheets almost completely quench 
the upconverted emissions.  Interestingly, this MnO2-induced quenching effect 
can be controlled by adding a small amount of GSH to the particle solution. 
On the basis of these findings, a hybrid system was proposed, based on MnO2-
modified UCNPs, for rapid screening and quantification of GSH levels 










Figure 2.1 Experimental design for GSH detection using MnO2-nanosheet-
modified upconversion nanoparticles. 
 
 
2.2 Experimental details 
2.2.1 Reagents  
Y(CH3CO2)3•xH2O (99.9%), Yb(CH3CO2)3•4H2O (99.9%), 
Tm(CH3CO2)3•xH2O (99.9%), NaOH (98+%), NH4F (98+%), 1-octadecene 
(90%), and oleic acid (OA) (90 %) were purchased from Sigma-Aldrich and 
used as received without further purification. 
2.2.2 Synthesis of NaYF4:Yb/Tm (20/0.2 mol%) core nanoparticles  
In a typical experiment, to a 50-mL flask containing oleic acid (3 mL) and 
1‐octadecene (7 mL) was added a water solution (2 mL) containing 
Y(CH3CO2)3 (0.32 mmol), Yb(CH3CO2)3 (0.08 mmol) and Tm(CH3CO2)3 
(0.0008 mmol), The resulting mixture was heated to 150
o
C for 1 h to form 
lanthanide oleate complexes and then cooled down to room temperature. 
Subsequently, a methanol solution (5 mL) containing NH4F (1.6 mmol) and 
NaOH (1 mmol) was added and stirred at 50
o
C for 30 min. The reaction 
temperature was then increased to 100
o
C to remove the methanol from the 







C and maintained at this temperature under an argon flow for 1.5 h, at 
which time the mixture was cooled down to room temperature. The resulting 
nanoparticles were precipitated out by the addition of ethanol, collected by 
centrifugation, washed with ethanol for several times, and finally re‐dispersed 
in 4 mL cyclohexane.  
2.2.3 Synthesis of NaYF4:Yb/Tm@NaYF4 core-shell nanoparticles   
To a 50-mL flask containing oleic acid (3 mL) and 1‐octadecene (7 mL) 
was added a solution (2 mL) of Y(CH3CO2)3 (0.2 M) in DI water.  The 
mixture was then heated to 150
o
C for 1 h with magnetic stirring and then 
cooled down to 50
o
C.  NaYF4:Yb/Tm core nanoparticles in 4 mL of 
cyclohexane were added along with a 5-mL methanol solution of NH4F (1.6 
mmol) and NaOH (1 mmol).  The resulting mixture was stirred at 50
o
C for 30 
min, at which time the reaction temperature was increased to 100
o
C to remove 
the methanol.  Then the solution was heated to 290
o
C under an argon flow for 
1.5 h and cooled to room temperature. The resulting nanoparicles were 
precipitated out by the addition of ethanol, collected by centrifugation, washed 
with ethanol for several times, and re-dispersed in cyclohexane. 
2.2.4 Preparation of hydrophilic core-shell nanoparticles 
A stock cyclohexane solution (1 mL) of the as-prepared oleic acid-capped 
NaYF4:Yb/Tm@NaYF4 core-shell nanoparticles (100 mM) was mixed with 
cyclohexane (20 mL), tert-butanol (14 mL), water (2 mL)  and an aqueous 
solution of K2CO3 (0.75 mL, 5 wt%). The resulting mixture was stirred at 
room temperature for 20 min, followed by dropwise addition of 4 mL of 
Lemieux-von Rudloff reagent (5.7 mM KMnO4 and 0.105 M NaIO4 aqueous 
solutions). Thereafter, the reactant was stirred at 40
o
C for 48 h. The product 
was collected by centrifugation and washed with deionized water, acetone, and 
ethanol.  The as-obtained azelaic acid-capped nanoparticles were further 
treated with a solution of HCl (pH 4), washed twice with deionized water, and 
then redispersed in deionized water. 
2.2.5 Preparation of MnO2-modified NaYF4:Yb/Tm@NaYF4 NPs 
In a typical reaction, a stock water solution (100 μL) of azelaic acid-capped 
hydrophilic NaYF4:Yb/Tm@NaYF4 core-shell nanoparticles (100 mM) was 





morpholino)ethanesulfonic acid (MES) buffer (0.1 M, pH 6.0). Different 
amounts of KMnO4 (10 mM, 0~250 μL) was then added to the tube. The 
resulting mixture was sonicated for 30 min until a brown colloid was formed. 
Subsequently, the MnO2-modified upconversion nanoparticles (UCNPs) were 
collected by centrifugation, washed for three times with deionized water to 
remove the excess potassium and free manganese ions, and redispersed in 1 
mL of deionized water.  
2.2.6 Cell Culture and Labeling 
HepG2 and HeLa cell lines were maintained at 37
o
C in 5% CO2 in RPMI 
and DMEM media respectively, both supplemented with 10% fetal calf serum, 
100 U/mL penicillin and 100 mg/mL streptomycin. The cells were plated at 
around 60-70% confluency 24 h before imaging experiments in 35-mm culture 
dishes.  Prior to imaging experiments, the cancer cells were treated with -
lipoic acid (LPA, 500 μM) for 24 h and buthionine sulfoximine (BSO, 
glutathione synthesis inhibitor, 100 μM) for 1 h.  To reduce the concentration 
of GSH, untreated HepG2 and lipoic acid-pretreated HeLa cells were treated 
with N-methylmaleimide (NMM, 500 μM) for 20 min. Both cell lines were 
washed for three times with cell culture media and incubated with MnO2-
modified UCNPs (100 μg/mL) for 3h.  The cell lines were further washed 
using cell culture media and subsequently imaged at ambient temperature. 
2.2.7 Characterization 
Transmission electron microscopy (TEM) measurements were carried out 
on a JEL-1400 transmission electron microscope (JEOL) operating at an 
acceleration voltage of 100 kV. Powder X-ray diffraction (XRD) analysis was 
carried out on an ADDS wide-angle X-ray powder diffractometer with Cu Kα 
radiation (40 kV, 40 mA, λ=1.54184 Å). X-ray photoelectron spectroscopy 
(XPS) spectra were performed with a Phobios 100 electron analyzer (SPECS 
GmbH) equipped 5 channeltrons, using an unmonochromated Mg Kα X-ray 
source (1253.6 eV). UV-vis transmission spectrum was recorded on a 
Shimadzu UV-2450 spectrophotometer. Fourier transform infrared (FTIR) 
spectroscopy spectra were obtained on a Varian 3100 FT-IR spectrometer. 
Upconversion luminescence spectra were obtained with a DM150i 





(PMT), in conjunction with a 980 nm diode laser. Digital photographs were 
taken with a Nikon D700 camera. Cell imaging was performed on an Olympus 
BX51 microscope with a xenon lamp adapted to a 980-nm diode laser. The 
excitation laser power was adjusted to 5 W, and luminescence micrographs 
were recorded with a Nikon DS-Ri1 color imaging system. Image analysis was 
performed using NIS-Elements Advanced Research software (Nikon). 
2.3 Results and discussion  
2.3.1 Synthesis and characterization of MnO2-modified UCNPs 
As a proof-of-concept experiment, Yb/Tm co-doped hexagonal-phase core-
shell NaYF4 UCNPs (~30 nm) were first prepared according to the 
literature.
8,9c
 The core-shell design provides the benefit of minimizing surface 
quenching-induced emission loss.
9
 The oleic acid ligand capped on the surface 
of core-shell nanoparticles was further oxidized to afford azelaic acid by using 
a technique developed by Li and coworkers.
10
 This modification provides 
hydrophilic nanoparticles without notable effects on the resulting particle 
shape, size, and optical property. 
    Figure 2.2 shows the TEM images of the as-prepared UCNPs. As can be 
seen, all of the as-prepared nanocrystals features typical spherical nanoparticle 
shape and are well monodispersed. The size of the nanoparticles increases 
from ~20 nm to ~30 nm after epitaxial growth of the β-NaYF4:Yb/Tm (20/0.2 
mol%) core nanoparticles (Figure 2.2a) with a layer of NaYF4 shell (Figure 
2.2b). Note that the as-prepared UCNPs were capped with oleic acid ligands as 
the surfactants under the synthetic condition which can only stabilize the 
nanoparticles in nonpolar solvent such as cyclohexane.  To make these 
nanoparticles hydrophilic, the oleic acid capped core-shell nanoparticles in 
Figure 2.2b were further modified with the hydrophilic azelaic acid ligands. 
The resulted azelaic acid-capped hydrophilic core-shell UCNPs were shown in 
Figure 2.2c. The TEM image indicates that the nanoparticles remain their 
original shape and size after the modification. There are no sign of aggregates 








Figure 2.2  TEM images of (a) oleic acid-capped β-NaYF4:Yb/Tm (20/0.2 
mol%) core nanoparticles, (b) oleic acid-capped NaYF4:Yb/Tm@NaYF4 core-
shell nanoparticles, and (c) azelaic acid-capped hydrophilic 





The XRD measurements were carried out to identify the crystal structures 
of the as-prepared UCNPs and the results are shown in Figure 2.3. The 
diffraction patterns are consistent with the literature values for the hexagonal-
phased NaYF4 crystals. There is no sign of any impurity peaks in all of the 
XRD patterns indicating the high purity of the as-prepared nanocrystals. 






Figure 2.3 XRD patterns of (a) oleic acid-capped NaYF4:Yb/Tm (20/0.2 
mol%) core nanoparticles,  (b) oleic acid-capped NaYF4:Yb/Tm@NaYF4 
core-shell nanoparticles, and (c) azelaic acid-capped hydrophilic 
NaYF4:Yb/Tm@NaYF4 core-shell nanoparticles. The diffraction patterns are 




Figure 2.4 Corresponding FTIR spectra of oleic acid-capped (bottom) and 
azelaic acid-capped (top) NaYF4:Yb/Tm@NaYF4 core-shell nanoparticles. 
 
 
growth and the further surface modification. This finding implies that the main 
structures of the nanocrystals remain unchanged after the modification 
procedures. 
     The FTIR measurements were next applied to characterize the surface 
conditions of the as-prepared the nanoparticles before and after the hydrophilic 
surface modification. As can be seen in Figure 2.4, the FTIR spectrum of oleic 





carboxylic chains. For example, the peaks at 2924 and 2854 cm
-1 
is classic 
peaks for C-H stretching associated with long alkyl chains; the broad peaks 
centered at 1554 and 1458 cm
-1
 is characterized for C=O stretching indicating 
the existence of the carboxylic groups. After the surface modification, the 
C=O stretching bands shifted from ~1500 cm
-1
 to ~1700 cm
-1
 which implies 
the changes of the chemical environment of the carboxylic groups supported 
the formation of the azelaic acid during the ligand oxidation. The intensity of 
the C-H stretching peaks (at 1554, 1458 cm
-1
) largely decreased which means 
that some of the surface ligands have detached from the particle surface during 
the modification. However, the decrease in the number of the attached ligands 
does not affect the stability of the hydrophilic nanoparticles in aqueous 




Figure 2.5 Control experiments showing the formation of MnO2 
nanomaterials at room temperature (R.T.) through use of different reducing 
agents: (a) MnCl2, (b) ethanol, and (c) 2-(N-morpholino)ethanesulfonic acid 







Figure 2.6 Experimental investigations showing formation of MnO2 
nanosheets (a) in the absence and (b) in the presence of UCNPs. The results 
showed that without UCNPs the MnO2 nanosheets tend to aggregate and form 
a dark brown precipitate.  In the presence of UCNPs, a well-dispersed colloid 
solution can be prepared due to the stabilization of MnO2 nanosheets by 
UCNPs. The scale bars are 50 nm. 
 
 
The as-prepared core-shell NaYF4:Yb/Tm@NaYF4 nanoparticles were then 
used to direct the growth of MnO2 nanosheets. The growth condition of MnO2 
nanostrucuters was first demonstrated. On the basis of TEM characterization, 
it can be found that the use of 2-(N-morpholino)ethanesulfonic acid (MES) 
yields well-defined MnO2 nanosheets, while MnCl2 and ethanol generate 
either large nanosheet aggregates or large-sized particles unsuitable for GSH 
detection study (Figure 2.5). All of the reactions were carried out under 
ambient condition, therefore only resulted in amorphous MnO2 aggregates. 
However, since the main concern of this project is the absorption properties of 
MnO2 rather than its crystal structure, the crystalline specifications of the as-
prepared MnO2 nanosheets were not further characterized. By addition of an 
aqueous KMnO4 solution in the presence of 2-(N-morpholino)ethanesulfonic 
acid (MES) buffer at pH 6, KMnO4 was reduced to form amorphous MnO2 
nanosheets (Figure 2.6a). The formation of upconversion nanoparticle/MnO2 
nanosheet assemblies, dominated by electrostatic interactions, was confirmed 






Figure 2.7 Energy dispersive X-ray spectroscope (EDS) spectrum of MnO2-
modified NaYF4:Yb/Tm@NaYF4 UCNPs, indicating the presence of 
elemental Na, Y, F, Yb, Tm, Mn, and O. Note that the strong signal of Cu 





Figure 2.8 (a) XPS spectra of NaYF4:Yb/Tm@NaYF4 core-shell nanoparticles 
(black line) and MnO2-nano-sheet-modified UCNPs (red line). (b) High 
resolution Mn(2p) XPS spectra of (left) the NaYF4:Yb/Tm@NaYF4 core-shell 
UCNPs and (right) MnO2-nanosheet-modified NaYF4:Yb/Tm@NaYF4 





In the presence of UCNPs, a well-dispersed colloid solution can be prepared 
due to the stabilization of MnO2 nanosheets by UCNPs. The hybrid MnO2-
UCNPs were then characterized by a series of compositional analysis. 
Compositional analyses of the hybrid nanomaterials by energy-dispersive X-
ray spectroscopy (EDS) and X-ray photoelectron spectroscopy (XPS) revealed 
the presence of MnO2 (Figures 2.7-2.8). 
2.3.2 Upconversion luminescence properties 
The optical properties of MnO2-modified UCNPs were next assessed. After 
reducing the KMnO4, the UV-vis absorption spectroscopy showed an intense 
broad band centered at 380 nm, characteristic of MnO2 nanomaterials (Figure 
2.9a).
11
 This absorption can be attributed to d-d band transitions, caused by the 
ligand field of MnO6 octahedra in MnO2 crystal lattices, between the lower 
energy (3d t2g) and higher energy (3d eg) levels of manganese ions.
11
 Upon 
modifying the as-prepared UCNPs with MnO2,  a strong enhancement at the 
UV absorption from the MnO2 can be observed indicating the modification 
does not change the absorbance of the MnO2.  
Notably, the absorption band of MnO2 nanosheets overlaps with the 
emissions of the core-shell nanoparticles in the UV and blue spectral regions, 
thereby enabling Förster resonance energy transfer. The energy transfer is 




Figure 2.9 UV-vis absorption spectra of aqueous solutions of (a) KMnO4 and 
MnO2 nanosheets, (b) NaYF4:Yb/Tm@NaYF4 core-shell UCNPs and MnO2-






upon NIR excitation. For example, when the molar ratio of MnO2 nanosheets 
and UCNPs reaches 0.25, the solution exhibited a weak red color emission 
(Figure 2.10, a and b).  In contrast, the core-shell nanoparticles without the 
MnO2 modification exhibited a blue color emission, which can be attributed to 




H6) at around 476 nm. The quenching 
mechanism of the hybrid nanoparticles was proposed as the energy transfer 








 to the 3d eg 





Figure 2.10 (a) Upconversion emission spectra of core-shell 
NaYF4:Yb/Tm@NaYF4 nanoparticles (black line) and MnO2-modified 
nanoparticles with a UCNP/MnO2 molar ratio of 1:0.25 (red lines). The dotted 
line, enhanced 40 times, reveals the higher emission intensity at 645 nm 
relative to at 476 nm. (b) Corresponding photographs of UCNP (top) and 
MnO2-modified UCNP (bottom) solutions under the 980 nm excitation. (c) 
Proposed excitation and energy-transfer mechanisms in MnO2-modified 
UCNPs. Note that the samples in (a) and (b) were dispersed in deionized 
water, and the concentrations of lanthanide ions were adjusted to 0.01 M. The 
emission spectra and photographs were recorded with a diode 980-nm laser at 








Figure 2.11 (a) Upconversion emission spectra of NaYF4:Yb/Tm@NaYF4 
core-shell UCNPs. (b) Absorption spectrum (red line) of MnO2 nanosheets  
showing the spectral overlapping with the emission spectrum (black line) of 
the NaYF4:Yb/Tm@NaYF4 core-shell UCNPs excited at 980 nm. (c) 
Normalized upconversion emission spectra of NaYF4:Yb/Tm@NaYF4 UCNPs 
modified with MnO2 nanosheets at different concentrations.  The 
concentrations of lanthanide ions are fixed at 0.01 M.  All the spectra were 
normalized to Tm emission at 645 nm.  (d) Corresponding photographs of the 
samples shown in (c), showing a tunable solution color change as a function of 




    Notably, the absorption of the MnO2 can only efficiently overlap the blue to 
UV emission of Tm
3+






F4) the quenching 
is not so efficient. Therefore, the MnO2 can be used for selectively quenching 
the UV and blue emissions from Tm
3+
 (Figure 2.11). Moreover, the quenching 
level can be precisely tuned by controlling the amount of the MnO2 on the 
UCNPs. By adding the MnO2 from 0.02 mM to 2.5 mM to a UCNPs solution 
with the concentration of 10 mM (lanthanide ion concentration), the blue-to-
red emission ratios of the UCNPs can be precisely tuned (Figure 2.11c). The 
higher the MnO2 concentration would cause the darker the color of the hybrid 






Figure 2.12  Upconversion emission spectra taken for NaYF4:Yb/Tm@NaYF4 
core-shell UCNPs with different routes of surface modification.  Note that a 
physical mixing of pre-formed MnO2 nanosheets and the UCNPs does not lead 
to a significant change in emission intensity.  All the samples were excited 





    Furthermore, it is important to note that the self-assemble nanostructure is 
necessary for the quenching of the upconversion luminescence. I observed that 
a physical mixing of pre-formed MnO2 nanosheets and the UCNPs does not 
lead to a significant change in emission intensity while a well-assembly of 
MnO2-UCNP hybrid results in more than 50 times higher quenching efficiency 
(Figure 2.12). 
2.3.3 GSH detection in aqueous solutions 
The GSH detection in aqueous solutions using these hybrid nanoparticles 
was next texted. GSH at different concentrations was added to the nanoparticle 
solution. As anticipated, upconversion luminescence was gradually recovered 
with increasing amounts of GSH (Figure 2.13). Remarkably, a 100-fold 
enhancement of upconversion emission in the blue spectral region was 
observed after two equivalents of GSH were added. Because of the low 
background signal by NIR excitation in the upconversion process, this method 
has a low detection limit of 0.9 μM which is comparable to the detection limits 






Figure 2.13 Photoluminescence responses of MnO2-modified 
NaYF4:Yb/Tm@NaYF4 nanoparticles as a function of GSH concentration 
(0~10 mM) in an aqueous solution. (Inset) Plot of luminescence intensity at 
345, 476, and 647 nm, respectively, against the GSH/MnO2 molar ratio. The 









Figure 2.14 Photoluminescence response of MnO2-modified UCNPs 
([NaLnF4]:[MnO2]=1:0.25 mol/mol; [lanthanide ion]=0.01 M) before and after 






    The recovery of upconversion emission can be attributed to the GSH-
mediated reduction of MnO2 to Mn
2+
, leading to the decomposition of the 
MnO2 nanosheets. During this redox reaction, GSH was oxidized to generate 
glutathione disulfide (GSSG) through thiol-disulfide exchange as shown in Eq. 
2.1. 
                                     Eq. 2.1 
The oxidation reaction was found to be very fast, as a complete of the reaction 
can be observed within 3 min (Figure 2.14). Importantly, this chemical 
response of MnO2-modified UCNPs is highly selective towards GSH relative 
to other biomolecules or different electrolytes. This investigation revealed that 
a wide range of electrolytes and weakly reducing bioagents such as glucose 





Figure 2.15 Upconversion photoluminescence response of MnO2-modified 
NaYF4:Yb/Tm@NaYF4 nanoparticle solutions in the presence of different 
electrolytes and biomolecules (0.1 M each; for bovine serum albumin: 1 
mg/mL). The photoluminescence response was evaluated by calculating the 






2.3.4 GSH detection in living cells 
To investigate the capability of MnO2-modified UCNPs for monitoring 
intracellular GSH levels in cancer cells, I have incubated two types of cancer 
cell lines (HepG2 human hepatoblastoma and HeLa cervical carcinoma cells) 
with the nanoparticles and subsequently analyzed the results under an optical 
microscope equipped with a 980-nm laser. As shown in Figure 2.16, HepG2 
cells incubated with the nanoparticles (100 μg/mL) for 3 h exhibited a strong 
luminescence emission, indicating a high level of GSH in hepatoblastoma 
cells.
12





Figure 2.16 Intracellular GSH detection in HepG2 and HeLa cell lines using 
MnO2-modified NaYF4:Yb/Tm@NaYF4 nanoparticles. (a-c) Upconversion 
luminescence and bright-field microscope images showing (a) nanoparticle-
labeled HepG2 cells, (b) HepG2 cells pretreated with BSO (100 μM) for 1 h 
followed by incubation with the nanoparticles, and (c) HepG2 cells pretreated 
with NMM (500 μM) for 20 min followed by incubation with the 
nanoparticles. (d-f) Upconversion luminescence and bright-field microscope 
images showing (d) nanoparticle-labeled HeLa cells, (e) HeLa cells pretreated 
with LPA (500 μM) for 24 h followed by incubation with the nanoparticles, 
and (f) HeLa cells pretreated with LPA for 24 h and then NMM (500 μM) for 
20 min, followed by incubation with the nanoparticles. Both cell lines were 
washed with cell culture media and incubated with MnO2-modified 
nanoparticles (100 μg/mL) for 3 h at 37 °C. The scale bars are 10 μm. (g) 
Photoluminescence intensity of HepG2 and HeLa cells measured after 







: 100 μM), or N-methylmaleimide (NMM, a GSH 
scavenger
4a
: 500 μM) resulted in a significant decrease of the luminescence 
intensity. In parallel experiments, a clear emission enhancement was observed 
for HeLa cancer cells treated with -lipoic acid (LPA, a GSH synthesis 
enhancer
14: 500 μM). When NMM (500 μM) was further added to LPA-
treated HeLa cells, a distinct decrease of luminescence intensity was observed. 
Taken together, these results strongly support the feasibility of intracellular 
GSH monitoring by MnO2-modified UCNPs. 
2.4 Conclusion 
In conclusion, a novel method through use of MnO2-nanosheet-modified 
upconversion nanoparticles for rapid screening glutathione molecules in 
aqueous solutions was developed. By taking advantages of the highly sensitive 
GSH/MnO2 redox reaction and the non-autofluorescent assays offered by the 
upconversion nanoparticles, the monitoring of GSH levels in living cells was 
also demonstrated. These findings are important not only for enabling 
promising applications in target drug and gene delivery, but also for providing 
a sensor platform useful for photocatalytic and photoelectric studies when one 




















[1] Lu, S. Mol. Aspects Med. 2009, 30, 42. 
[2] (a) Townsend, D. M.; Tew, K. D.; Tapiero, H. Biomed. Pharmacother. 
2003, 57, 145. (b) Estrela, J. M.; Ortega, A.; Obrador, E. Crit. Rev. Clin. 
Lab. Sci. 2006, 43, 143. 
[3] (a) Chen, X.; Zhou, Y.; Peng, X.; Yoon, J. Chem. Soc. Rev. 2010, 39, 
2120. (b) Monostori, P.; Wittmann, G.; Karg, E.; Turi, S. J. Chromatogr., 
B 2009, 877, 3331. (c) Sudeep, P. K.; Joseph, S. T. S.; Thomas, K. G. J. 
Am. Chem. Soc. 2005, 127, 6516. (d) Banerjee, S.; Kar, S.; Perez, J. M.; 
Santra, S. J. Phys. Chem. C 2009, 113, 9659. 
[4] (a) Ahn, Y. H.; Lee, J. S.; Chang, Y. T. J. Am. Chem. Soc. 2007, 129, 
4510. (b) Yi, L.; Li, H.; Sun, L.; Liu, L.; Zhang, C.; Xi, Z. Angew. Chem., 
Int. Ed. 2009, 48, 4034. (c) Shao, N.; Jin, J.; Wang, H.; Zheng, J.; Yang, 
R.; Chan, W.; Abliz, Z. J. Am. Chem. Soc. 2010, 132, 725. 
[5] (a) Haase, M.; Schäfer, H. Angew. Chem., Int. Ed. 2011, 50, 5808. (b) 
Wang, F.; Liu, X. Chem. Soc. Rev. 2009, 38, 976. (c) Feng, W.; Sun, L.; 
Zhang, Y.; Yan, C. Coord. Chem. Rev. 2010, 254, 1038. (d) Li, C.; Lin, J. 
J. Mater. Chem. 2010, 20, 6831. (e) Yi, G.; Chow, G. M. Adv. Funct. 
Mater. 2006, 16, 2324. (f) Boyer, J. C.; Cuccia, L. A.; Capobianco, J. A. 
Nano Lett. 2007, 7, 847. (g) Chen, D.; Yu, Y.; Huang, F.; Huang, P.; 
Yang, A.; Wang, Y. J. Am. Chem. Soc. 2010, 132, 9976. (h) Wang, F.; 
Liu, X. J. Am. Chem. Soc. 2008, 130, 5642. (i) Wang, F.; Han, Y.; Lim, 
C. S.; Lu, Y.; Wang, J.; Xu, J.; Chen, H.; Zhang, C.; Hong, M.; Liu, X. 
Nature 2010, 463, 1061. (j) Liu, Y.; Tu, D.; Zhu, H.; Li, R.; Luo, W.; 
Chen, X. Adv. Mater. 2010, 22, 3266. (k) Wu, W.; Yao, L.; Yang, T.; 
Yin, R.; Li, F.; Yu, Y. J. Am. Chem. Soc. 2011, 133, 15810. (l) Hao, J.; 
Zhang, Y.; Wei, X. Angew. Chem., Int. Ed. 2011, 50, 6876. (m) Ye, X.; 
Collins, J. E.; Kang, Y.; Chen, J.; Chen, D.; Yodh, A. G.; Murray, C. B. 
Proc. Natl. Acad. Sci. U.S.A. 2010, 107, 22430. (n) Jiang, C.; Wang, F.; 
Wu, N.; Liu, X. Adv. Mater. 2008, 20, 4826. (o) Wang, J.; Wang, F.; Xu, 
J.; Wang, Y.; Liu, Y.; Chen, X.; Chen, H.; Liu, X. C. R. Chim. 2010, 13, 
731. (p) Wang, F.; Wang, J.; Xu, J.; Xue, X.; Chen, H.; Liu, X. Spectrosc. 





Chen, D.; Yang, C. Chem. Commun. 2011, 47, 9648. (r) Yin, A.; Zhang, 
Y.; Sun, L.; Yan, C. Nanoscale 2010, 2, 953.  
[6] Barnes, M. D.; Mehta, A.; Thundat, T.; Bhargava, R. N.; Chhabra, V.; 
Kulkarni, B. J. Phys. Chem. B 2000, 104, 6099.  
[7] (a) Zhou, J.; Liu, Z.; Li, F. Chem. Soc. Rev. 2012, 41, 1323. (b) Wang, F.; 
Banerjee, D.; Liu, Y.; Chen, X.; Liu, X. Analyst 2010, 135, 1839. (c) 
Mader, H. S.; Kele, P.; Saleh, S. M.; Wofbeis, O. S. Curr. Opin. Chem. 
Biol. 2010, 14, 582. (d) Chatterjee, D. K.; Gnanasammandhan, M. K.; 
Zhang, Y. Small 2010, 24, 2781. (e) Wang, L.; Yan, R.; Hao, Z.; Wang, 
L.; Zeng, J.; Bao, H.; Wang, X.; Peng, Q.; Li, Y. Angew. Chem., Int. Ed. 
2005, 44, 6054. (f) Wang, M.; Hou, W.; Mi, C.; Wang, W.; Xu, Z.; Teng, 
H.; Mao, C.; Xu, S. Anal. Chem. 2009, 81, 8783. (g) Liu, C.; Wang, Z.; 
Jia, H.; Li, Z. Chem. Commun. 2011, 47, 4661. (h) Zhang, C.; Yuan, Y.; 
Zhang, S.; Wang, Y.; Liu, Z. Angew. Chem., Int. Ed. 2011, 50, 6851. (i) 
Kuningas, K.; Rantanen, T.; Ukonaho, T.; Lovgren, T.; Soukka, T. Anal. 
Chem. 2005, 77, 7348. (j) Zhang, P.; Rogelj, S.; Nguyen, K.; Wheeler, D. 
J. Am. Chem. Soc. 2006, 128, 12410. (k) Rantanen, T.; Jarvenpaa, M. L.; 
Vuojola, J.; Kuningas, K.; Soukka, T. Angew. Chem., Int. Ed. 2008, 47, 
3811. (l) Bogdan, N.; Vetrone, F.; Roy, R.; Capobianco, J. A. J. Mater. 
Chem. 2010, 20, 7543. (m) Achatz, D. E.; Meier, R. J.; Fischer, L. H.; 
Wolfbeis, O. S. Angew. Chem., Int. Ed. 2011, 50, 260. (n) Liu, J.; Liu, Y.; 
Liu, Q.; Li, C.; Sun, L.; Li, F. J. Am. Chem. Soc. 2011, 133, 15276. (o) 
Wu, S.; Han, G.; Milliron, D. J.; Aloni, S.; Altoe, V.; Talapin, D. V.; 
Cohen, B. E.; Schuck, P. J. Proc. Natl. Acad. Sci. U.S.A. 2009, 106, 
10917. (p) Wang, J.; Wang, F.; Wang, C.; Liu, Z.; Liu, X. Angew. Chem., 
Int. Ed. 2011, 50, 10369. (q) Das, G. K.; Heng, B. C.; Ng, S. C.; White, 
T.; Loo, J. S. C.; D'Silva, L.; Padmanabhan, P.; Bhakoo, K. K.; Selvan, S. 
T.; Tan, T. T. Y. Langmuir 2010, 26, 8959. (r) Xue, X.; Wang, F.; Liu, X. 
J. Mater. Chem. 2011, 21, 13107. (s) Zhang, F.; Shi, Q.; Zhang, Y.; Shi, 
Y.; Ding, K.; Zhao, D.; Stucky, G. D. Adv. Mater. 2011, 23, 3775. (t) 
Chen, G.; Ohulchanskyy, T. Y.; Kachynski, A.; Agren, H.; Prasad, P. N. 
ACS Nano 2011, 5, 4981. (u) Shan, J.; Uddi, M.; Yao, N.; Ju, Y. Adv. 
Funct. Mater. 2010, 20, 3530. (v) Park, Y. I.; et al. Adv. Mater. 2009, 21, 





Bae, Y. M.; Il Park, Y.; Kim, J. H.; Kim, H. M.; Choi, J. S.; Lee, K. T.; 
Hyeon, T.; Suh, Y. D. Angew. Chem., Int. Ed. 2011, 50, 6093. 
[8] Wang, F.; Deng, R.; Wang, J.; Wang, Q.; Han, Y.; Zhu, H. M.; Chen, X.; 
Liu, X. Nat. Mater. 2011, 10, 968. 
[9] (a) Wang, Y.; Tu, L.; Zhao, J.; Sun, Y.; Kong, X.; Zhang, H. J. Phys. 
Chem. C 2009, 113, 7164. (b) Boyer, J. C.; Manseau, M. P.; Murray, J. I.; 
van Veggel, F. Langmuir 2010, 26, 1157. (c) Wang, F.; Wang, J.; Liu, X. 
Angew. Chem., Int. Ed. 2010, 49, 7456. (d) Chen, F.; Bu, W.; Zhang, S.; 
Liu, X.; Liu, J.; Xing, H.; Xiao, Q.; Zhou, L.; Peng, W.; Wang, L.; Shi, J. 
Adv. Funct. Mater. 2011, 21, 4285. 
[10] Chen, Z.; Chen, H.; Hu, H.; Yu, M.; Li, F.; Zhang, Q.; Zhou, Z.; Yi, T.; 
Huang, C. J. Am. Chem. Soc. 2008, 130, 3023. 
[11] (a) Omomo, Y.; Sasaki, T.; Wang, L.; Watanabe, M. J. Am. Chem. Soc. 
2003, 125, 3568. (b) Sakai, N.; Ebina, Y.; Takada, K.; Sasaki, T. J. Phys. 
Chem. B 2005, 109, 9651. (c) Jana, S.; Pande, S.; Sinha, A. K.; Sarkar, S.; 
Pradhan, M.; Basu, M.; Saha, S.; Pal, T. J. Phys. Chem. C 2009, 113, 
1386. 
[12] (a) Lu, S. FASEB J. 1999, 13, 1169. (b) Huang, Z.; Chen, C. J.; Zeng, Z.; 
Yang, H.; Oh, J.; Chen, L.; Lu, S. FASEB J. 2001, 15, 19. 
[13] (a) Deneke, S. M.; Fanburg, B. L. Am. J. Physiol. 1989, 257, (b) 
Hultberg, M.; Hultberg, B. Chem.-Biol. Interact 2006, 163, 192. 
[14] (a) Packer, L.; Tritschler, H. J.; Wessel, K. Free Radical Biol. Med. 1997, 
22, 359. (b) Smith, A. R.; Shenvi, S. V.; Widlansky, M.; Suh, J. H.; 
Hagen, T. M. Curr. Med. Chem. 2004, 11, 1135. 
[15] (a) Tian, Z. R.; Tong, W.; Wang, J. Y.; Duan, N.; Krishnan, V. V.; Suib, 
S. L. Science 1997, 276, 926. (b) Yuan, J.; Li, W.; Gomez, S.; Suib, S. L. 
J. Am. Chem. Soc. 2005, 127, 14184. (c) Kang, K.; Meng, Y.; Breger, J.; 
Grey, C. P.; Ceder, G. Science 2006, 311, 977. (d) Yuan, J.; Liu, X.; 
Akbulut, O.; Hu, J.; Suib, S. L.; Kong, J.; Stellacci, F. Nat. Nanotechnol. 
2008, 3, 332. (e) Reddy, A. L. M.; Shaijumon, M. M.; Gowda, S. R.; 









Enhancing Multiphoton Upconversion 






















The broad applications of lanthanide-doped upconversion nanocrystals in 
biological imaging, photonics, photovoltaics, and therapeutics have fuelled a 
growing demand for rational control over emission profiles of the 
nanocrystals.
1-14
 A common strategy for tuning upconversion luminescence is 
to control the doping concentration of lanthanide ions.
15,16
 However, the 
phenomenon of concentration quenching of the excited state at high doping 
levels has posed a significant constraint to the design of upconversion 
nanomaterials. Thus, the lanthanide ions have to be stringently kept at 
relatively low concentrations to minimize luminescence quenching.
17
 In this 
chapter I describe a novel class of upconversion nanocrystals adopting an 
orthorhombic crystallographic system in which the lanthanide ions are 
distributed in arrays of tetrad clusters. Importantly, this unique arrangement of 
lanthanide clusters enables preservation of excitation energy within the 
sublattice domain and effectively minimizes the migration of excitation energy 
to defects, even in stoichiometric compounds with high Yb
3+
 content (calc. 98 
mol%). This allows researchers to generate an unusual four-photon-promoted 
violet upconversion emission from Er
3+
 with intensity that is more than eight 
times higher than was achievable by previously reported nanocrystals. These 
results highlight the possibility of enhancing upconversion at the high-energy 
end of the visible spectrum particularly useful for light-triggered biological 
reactions and photodynamic therapy. 
For an efficient upconversion to proceed, trivalent Yb
3+
 ions are typically 







activators. An elevated amount of Yb
3+
 contents are likely to enhance 
luminescence efficiency of upconversion as the Yb
3+
 ion has a sufficient 
absorption cross-section matched to common 980 nm laser excitation sources. 
However, appreciable quenching of luminescence, particularly in the spectral 
region of short wavelengths, is experimentally observed for upconversion 





 Despite enormous research efforts, the synthesis of upconversion 
nanoparticles that emit intense short-wavelength emission remains an arduous 





systems containing high Yb
3+
 contents to sustain multi-step excitation without 
depletion of the intermediate excited states. 
The depletion of excitation energy in upconversion nanocrystals with a high 
Yb
3+
 content is most likely due to an increased probability of long-distance 
energy migration that takes excitation energy to lattice or surface defects. This 
phenomenon has been frequently observed in Yb
3+
-doped nanocrystals 
featuring high-symmetry unit cells (e.g., cubic phase NaYF4 and CaF2)
19,20
 
that promote the dissipation of the excitation energy in the presence of 
isotropically substituted Yb
3+ 
ions (Figure 3.1, type I). Other pathways of 
 
 
Figure 3.1 Schematic representation showing the topological energy 
migration pathways in different types of crystal sublattices. Type I scheme 
represents the random energy migration from an atom to its neighboring atoms 
isotropically distributed in a 3-dimensional (3D) structured crystal sublattice. 
Type II scheme shows the energy migration in a crystal with 2D layer 
structure. Type III scheme refers to the energy migration in a crystal featuring 
1D atomic chain structure. Note that in schemes of type II and III, fast energy 
migration only occurs through in-plane atoms and chain lattices, respectively. 
The migration of excitation energy can be effectively minimized through use 
of a type IV lattice containing arrays of isolated atomic clusters. As such, they 
allow the trapping of the excitation energy in discrete sublattices through 
energy clustering. The energy migration between adjacent clusters is 





deleterious energy migration can occur through either 2D layered structures 


















 with in-plane or chain-lattice substituted doping ions situated in 
close proximity (Figure 3.1, types II and III). On the basis of these findings, I 
recognize that the energy migration process essentially depends on the 
distance of lattice positions occupied by Yb
3+
 rather than the doping 
concentration. Therefore, it is possible to minimize the concentration 
quenching of luminescence through use of a crystal lattice disfavoring long-
distance energy migration (Figure 3.1, type IV). Here I report synthesis and 
characterization of KYb2F7:Er upconversion nanocrystals with lanthanide ions 
arranged in tetrad clusters. I demonstrate how control over the arrangement of 
sublattices can be used to tune energy migration.  
3.2 Materials and methods 
3.2.1 Reagents  
YbCl3•6H2O (99.99%), ErCl3•6H2O (99.9%), LuCl3•6H2O (99.9%), KOH 
(98+%), KF (99+%), 1-octadecene (90%), oleic acid (90%), Pluronic® F-127 
polymer, Triton X-100 and β-mercaptoethanol were purchased from Sigma-
Aldrich. Alkaline phosphatase was purchased from Worthington and 4-
nitrophenylphosphate was bought from TCL. Ethylenediaminetetraacetic acid 
(EDTA) solution was bought from Invitrogen. Leukemia Inhibitory Factor 
(LIF) was purchased from Chemicon. Unless otherwise noted, all the 
chemicals were used as starting materials without further purification. 
3.2.2 Synthesis of the KYb2F7:Er (2 mol%) nanocrystals 
KYb2F7 nanocrystals were grown by a modified method according to ref. 24. 
In a typical procedure, an ethanol solution (5 mL) of YbCl3•6H2O (151.9 mg; 
0.392 mmol) and ErCl3•6H2O (3.1 mg; 0.008 mmol) was added into a mixture 
of oleic acid (3.5 mL) and 1-octadecene (10.5 mL) under vigorous stirring at 
room temperature. The resulting mixture was heated at 150
o
C and kept for 1h. 
It can be noticed that the solution color changed from colorless to yellowish, 
indicating the formation of metal complexes. After the solution was cooled to 





dissolved in methanol (8 mL) was injected into the flask containing the metal 
complexes. The mixture was heated at 50
o
C for 30 min, and then heated at 
100
o
C while being degassed for 10 min. Subsequently, the temperature was 
raised to 290
o
C and kept for 1.5 h under an argon atmosphere. The reaction 
was slowly cooled to room temperature. The nanocrystals were collected by 
centrifugation, washed with ethanol and methanol several times, and re-
dispersed in cyclohexane or chloroform prior to characterization and surface 
modification. 
3.2.3 Preparation of F127-modified KYb2F7:Er nanocrystals 
To a 20-mL glass vial charged with an aqueous solution (5 mL) of 
Pluronic
®
 F127 (100 mg) was added a stock solution (0.5 mL) of KYb2F7:Er 
nanocrystals dispersed in CHCl3 (10 mg/mL). The resulting mixture was 
treated by sonication and then stirred at room temperature for 24 h. The F127-
modified nanocrystals were then separated by centrifugation, washed with 
ethanol for several times, and redispersed in water containing sodium dodecyl 
sulfate (SDS: 3.5 mM). 
3.2.4 Alkaline phosphatase (ALP) detection 
In a typical experiment, different amounts of ALP were first added to a 
solution containing 4-nitrophenylphosphate (16.1 mM) and Tris buffer (35.4 
mM; pH 8.0). The mixed solution (62.2 μL) was incubated at room 
temperature (~25
o
C) for 5 min, at which time F127-modified KYb2F7:Er 
nanocrystals (40 μL; 10 mg/mL) was added. The resulting mixture was excited 
by a 980-nm CW laser and the emission was recorded by a luminescence 
spectrometer. 
3.2.5 Cell culture and lysis procedure 
Mouse embryonic stem cells (ESCs)
25
 were maintained on gelatinized tissue 
culture dishes in a ESC medium containing a high-glucose Dulbecco's 
modified eagle medium (DMEM) supplemented with embryonic stem cell-
qualified fetal bovine serum (FBS; 20%),  Pen-Strep-Glutamine (1%), non-
essential amino acid (1%), β-mercaptoethanol (0.1%) and LIF (100 U/mL). 
For trypsinization, after removing the old media and washing by PBS (pH 7.3) 
the cells were incubated in their culture plates using trypsin (0.25%) with 





After neutralizing the trypsin by cell culture media, the cell suspension was 
collected by centrifugation (1500 rpm for 3min). The resulting cell pellets 
were collected and subcultured in nonadherent bacteria culture dishes 
containing an ESC medium. Subsequently, the cells were washed with PBS 
buffer and kept in a fresh ESC medium on a daily basis for keeping them in a 
healthy state. Mouse embryonic fibroblast cells (EFCs)
26
 were maintained 
under the same conditions as ESCs except for the exclusion of LIF. 
   After incubation for 48 h, the media were removed from the confluent 
culture dishes and the cell layers were rinsed with PBS buffer solutions. 
Subsequently, the cell layers were treated with a 500-μL of Triton X-100 
solution (prepared by dissolving 10 mL of Triton X-100 in 1 L of 12.5 mM 
Tris/NaHCO3 buffer) for 10 min. The resulting cell lysate was isolated by 
centrifugation, and the supernatant was directly used for measuring ALP 
activity. 
3.2.6 Monte-Carlo modeling of energy transfer process.  
The Monte-Carlo calculation was enacted in FORTRAN90 and performed 
in a simulated 3D coordinate matrix. A random-walk model was employed to 
describe the migration process.  
Simple cubic crystal structure: For a simple cubic crystal structure, I 
assumed that each atom is a lattice point (Ax, y, z) and the migration only 
happens between the nearest neighboring atoms (migration length equal to 1 
unit length). If the excitation energy begins at point Ax, y, z (0) = (0, 0, 0), the 
excitation energy has an equal probability to move to the nearest neighboring 
points (distance equal to 1 unit length). Considering the direction of each 
migration step is independent of the previous one, the displacement at each 













The Monte-Carlo simulation can then be generated using the following 
criteria, 
(1) For each step of migration, a random number R(0,1) between 0 and 1 is 
generated.  
      If 0< R(0,1)<1/6 the migration goes to case 1;  
      If 1/6< R(0,1)<2/6 the migration goes to case 2;  
      If 2/6< R(0,1)<3/6 the migration goes to case 3;  
      If 3/6< R(0,1)<4/6 the migration goes to case 4;  
      If 4/6< R(0,1)<5/6 the migration goes to case 5;  
      If 5/6< R(0,1)<1 the migration goes to case 6. 
(2) Every excitation energy initiates at lattice point (0, 0, 0) and the migration 
continues for 5000 steps. After that, the final migration position A(5000) is 
recorded. 
(3) The overall process is repeated for 10,000,000 times to generate enough 
datasets for statistically counting the total number landed by the energy 
migration for each lattice point. 
After the computational simulation, the numerical results were substituted 
into a real crystal structure by converting mathematical coordinates into 
crystal coordinates using lattice parameters. One unit length of the lattice 
matrix was assumed to be equals to 4.2 Å, so the volume of the crystal would 
be the same as the KYb2F7 crystal but with different distribution of Yb
3+
 ions. 
Thus, I can plot the probability of finding the excitation energy against the 
migration distance in the simple cubic crystal structure. 
Orthorhombic-phase KYb2F7 nanocrystal structure: For the 
orthorhombic-phase KYb2F7, instead of assuming each atom occupies a lattice 
point, each tetrad Yb cluster is treated as one lattice point.  To simplify the 
simulation of the complex orthorhombic crystal structure, the array of the 
clusters adopted a simple cubic structure is further approximated with an 
average distance of 6.5 Å between the clusters. In a typical migration step, the 





nearest neighboring Yb cluster through inter-cluster energy migration or stay 
at the original lattice point defined by the Yb cluster through intra-cluster 
energy transfer. Since the probability of energy transfer within a Yb cluster 
(Pintra) is 10 times higher than that of inter-cluster energy transfer (Pinter), the 
excitation energy is more likely to be confined within the original lattice point. 
The displacement Si can then be found as 
 
 
If the case goes to Pinter, the displacement manner then follows the similar 
criteria described for the simple cubic crystal model. To this regard, I have 
simulated the random-walk model for the KYb2F7 crystal structure and 
obtained the probability of locating the excitation energy in the KYb2F7 crystal 
structure. 
3.2.7 Physical Characterization 
Low-resolution TEM images were carried out on a JEOL 2010 transmission 
electron microscope operating at an acceleration voltage of 200 kV. High-
resolution-TEM (HRTEM) was performed on an FEI Titan S-Twin 
transmission electron microscope operated at 300 kV. Powder X-ray 
diffraction data were recorded on a Siemens D5005 X-ray diffractometer with 
Cu Kα radiation (λ = 1.5406 Å) at a scan rate of 0.01o/s. Photoluminescence 
spectra were recorded at room temperature with a DM150i monochromator 
equipped with a R928 photon counting photomultiplier tube (PMT), in 
conjunction with a 980-nm diode laser. Unless otherwise specified, the 
emission spectra were normalized to Er
3+
 emission either at 558 nm or 545 nm, 
whichever is stronger. The decay curves were measured by a customized 
phosphorescence lifetime spectrometer (FSP920-C, Edinburgh) equipped with 
a digital oscilloscope (TDS3052B, Tektronix) and a tunable mid-band OPO 
laser as an excitation source (410-2400 nm, Vibrant 355II, OPOTEK). The 
















where I0 and I(t) represents the maximum luminescence intensity and 
luminescence intensity at time t after cutoff of the excitation light, respectively.  
3.3 Results and discussion 
3.3.1 Morphology and crystal structure studies 
In the experiment, KYb2F7:Er (2 mol%) nanocrystals were synthesized by a 
co-precipitation method. The X-ray powder diffraction pattern of the as-
synthesized sample can be well indexed to an orthorhombic-phase KYb2F7 
structure (space group Pnam, a = 11.72 Å, b = 13.24 Å, c = 7.74 Å, Z = 8)
27
 




Figure 3.2 (a) Schematic representation and crystallographic parameters of 
orthorhombic-phase KYb2F7 structure.
28-30
 (b) X-ray powder diffraction 







Figure 3.3 (a, b) Low-resolution TEM image of KYb2F7:Er (2 mol%) 
nanocrystals. The TEM image in b shows the stacking of KYb2F7:Er 
nanocrystals, which allows to determine the lateral thickness of the 
nanocrystals.  (c-e) Size histograms represent the dimension distribution of the 
nanocrystals in length, width and thickness, respectively. 
 
reveals a popsicle stick shape of the nanocrystals. These nanocrystals are 109 
nm long, 26 nm wide and 12 nm thick on average (Figure 3.3 and Figure 3.4a). 
    The stick-like nanocrystals were also characterized by high-resolution TEM. 
The high-resolution TEM image of an individual nanocrystal, as shown in 
Figure 3.4b, exhibits lattice fringes of the (020) and (001) planes with a d-
spacing of 0.66 nm and 0.77 nm, respectively. The selected-area electron 
diffraction patterns along with the TEM analysis of the nanocrystal confirm its 
growth direction along the c axis. The contrast transfer function (CTF)-
corrected HRTEM image in Figure 3.4c confirms the orthorhombic crystalline 





array of discrete tetrahedra as highlighted in Figure 3.4d. The XAS (X-ray 
absorption spectroscopy) result in Figure 3.4e indicates the homogenous 
doping of Er
3+
 in the host materials. The details of the CTF-corrected TEM 
and the XAS analysis are discussed in the following parts. 
 
 
Figure 3.4 Structural characterization of the as-synthesized KYb2F7:Er (2 
mol%) nanocrystals. (a), Typical low-resolution TEM micrograph of the 
nanocrystals. (b), High-resolution TEM image of a single nanocrystal and its 
corresponding selected-area electron diffraction pattern (Inset) taken in [100] 
incidence. (c), Projected potential map of the HRTEM image shown in (b), 
which is superimposed by the structural model of KYb2F7 projected along the 
[100] direction for comparison. (d), Schematic representation of the lattice 
arrangement of Yb atoms in orthorhombic-phase KYb2F7 viewed from [100] 
and [001] planes, respectively. Arrays of discrete Yb clusters are highlighted 
as grey tetrahedrons for clarity. (e), Experimental (Exp) and fitted (Fit) Ln-F 
shell EXAFS spectra in k
1




HRTEM images processing: A CTF-correction followed by a symmetry-
imposed was carried out to further improve the resolution of the HRTEM 
images. During the processing, a HRTEM image of the as-prepared 





fourier transform (FFT) diffractogram (Figure 3.5b) were first captured by an 
FEI Titan S-Twin transmission electron microscope. To make the image 
directly interpretable in terms of structural projection, the effect of the contrast 
transfer function was corrected using a crystallographic image processing 
program CRISP.
32
 In this procedure, the structure factor phases of the 
reflections within the first crossover of CTF, highlighted by a red circle in 
Figure 3.5c, were kept while the structure factor phases of the other reflections 
were flipped by 180º. The CTF-corrected HRTEM image was then obtained 
by inverse FFT (Figure 3.5d). 
 
 
Figure 3.5 HRTEM image (a) and the corresponding fast fourier transform 
(FFT) diffractogram (b) of a KYb2F7:Er (2 mol%) nanocrystal taken along the 
[100] zone axis. To make the image directly interpretable in terms of structural 
projection, the effect of the contrast transfer function (CTF) was corrected 
using a crystallographic image processing program CRISP.
32
 In this procedure, 
the structure factor phases of the reflections within the first crossover of CTF, 
highlighted by a red circle in c, were kept while the structure factor phases of 
the other reflections were flipped by 180º. The CTF-corrected HRTEM image 






Figure 3.6 (a) Lattice averaged image obtained from the CTF-corrected 
HRTEM image shown in Figure S3d. (b) The corresponding symmetry-





After the CTF correction, the HRTEM image was further imposed a given 
symmetry which leads to a projected potential map with atomic resolution. In 
this process, the HRTEM image was used for determining the projection 
symmetry (Figure 3.6a). The amplitudes and phases were extracted from the 
lattice position of the Fourier transform and analyzed against the different 
plane groups using the program CRISP. The figures of merit RA% and Res 
were used for checking the agreement of the experimental amplitudes and 
phases, for the different plane groups. RA% is the crystallographic R-value (%) 
for amplitudes of symmetry-related reflections. Res is called phase residual 
(in degree) and corresponds to an average phase deviation of all reflections 
from values allowed for the respective plane group. Both RA% and Res were 
calculated by the program CRISP. Among the plane groups with good figures 
of merits, the cmm was chosen due to its highest symmetry. After imposing 
the cmm symmetry, the image became clearer and directly interpretable as a 
projected potential map, in which the heavy atoms (K and Yb) are shown as 
black dots (Figure 3.6b). As an additional proof, compositional analysis of the 
nanocrystal by energy-dispersive X-ray spectroscopy also reveals the presence 






Figure 3.7 EDX pattern of two single nanocrystals of (a) KYb2F7:Er (2 mol%) 
and (b) KYb2F7:Er/Lu (2/20 mol%). Note that strong Cu signals come from 
the TEM copper grid.   
 
 
    XAS analysis: The XAS measurements including the X-ray absorption near 
edge structure (XANES) and the extended X-Ray absorption fine structure 
(EXAFS) studies were conducted at the PNC/XSD beamline of the Advanced 
Photon Source (APS) at Argonne National Laboratory in Argonne, 1L, USA 
(Figure 3.8). The EXAFS fitting was performed using theoretical phase shift 
and amplitude generated by FEFF8 program.
31
 
The Yb and Er L3-edge XANES results were shown in Figure 3.9a. The 
XANES data displayed the electronic transition from occupied 2p state to 
unoccupied 5d-4f state. It can be seen that the Er and Yb L3-edge absorptions 
show an identical fine structure, suggesting that the host (Yb) and dopant (Er) 
lanthanides have similar oxidation states (3+) and local structure. The intensity 
of the sharp peak following the edge jump (normalized to the Fermi level, 
known as white line), is theoretically determined by the density of unoccupied 
5d states of Yb and Er. However, due to the hybridization of 5d-4f states in 







Figure 3.8 Transmission-mode XAS mechanism (top) and experimental set-
up (bottom) at the PNC/XSD beamline of the Advanced Photon Source (APS) 




As the 5d states of Er and Yb are empty, the difference of the white line 
intensity observed in Figure 3.9a indicates that Er has higher unoccupied 4f 








). The similar local structure suggested 
by the XANES data is further evidenced by the L3-edge FT-EXAFS of Er and 
Yb depicted in Figure 3.9b. Both spectra exhibit an intense first-shell Ln-F 
bonding feature, followed by a second-shell Ln-Ln bonding feature in the R 
region of 3-4 Å. Fitting of the Ln-F shell EXAFS in k
1
-space was conducted 
by selecting a R window in FT-EXAFS of 1.2-2.4 Å. The extended X-ray 
absorption fine structure (EXAFS) results show that the average first shell 
coordination number for lanthanides is around eight, consistent with the 
crystal structure of orthorhombic KYb2F7, indicating a homogenous 
distribution of Er
3+







Figure 3.9  (a) The XANES spectra of the KYb2F7:Er (2 mol%) nanocrystal 
near the Er and Yb L3-edge. (b) The FT-EXAFS of L3-edge Er and Yb in the 
KYb2F7:Er nanocrystals. (c) Simulated FT-EXAFS using models with/without 
Ln-Ln interaction, indicating the presence of Ln-Ln bonding in the KYb2F7 
crystal structure. Note that the experimental and simulated EXAFS spectra are 
not phase-corrected, thus resulting in a small shift in the Ln-Ln feature 
between the experimental data and the simulation. 
 
 
To identify the origin of the second-shell bonding feature shown in the Er 
and Yb FT-EXAFS spectra, EXAFS simulation using models with and 
without long-range Ln-Ln bonding was conducted. The EXAFS simulated 





Table 3.1 The Ln-F shell EXAFS in k
1








(Debye Waller Factor) 
E0 (eV) 
(Energy Shift) 
Er-F 2.27 7.7 0.0068 1.13 
Yb-F 2.25 8.3 0.0089 0.02 
The EXAFS fit uncertainty is ~0.02 Å for R and ~15% for CN. 
 
by FEFF8 program. To clearly observe the long-range bonding feature, 
experimental data at the Yb L3-edge were used due to its longer spectral range 
(up to k = 14 Å
-1
 ) than that of Er (only up to k = 10.5 Å
-1
 due to its overlap 
with the Yb L3-edge) . However, findings from the Yb experimental EXAFS 
should also be applicable to Er spectrum since Er and Yb exhibit nearly 
identical FT-EXAFS as shown in Figure 3.9b. By comparing the experimental 
FT-EXAFS in Figure 3.9b and the simulated spectra in Figure 3.9c (both 
phase-uncorrected), it can be deduced that a long-range Ln-Ln bonding in the 
range of 3-4 Å is present in the KYb2F7 upconversion nanocrystals. 
Considering the high concentration of Yb (98 mol%) and low concentration of 
Er (2 mol%), it is proposed that the Ln-Ln bonding feature in Er EXAFS is 
associated with Er-Yb interaction whereas in Yb EXAFS it mainly comes 
from Yb-Yb interaction. 
3.3.2 Upconversion luminescence properties 
Figure 3.10 shows a representative luminescence spectrum of KYb2F7:Er (2 
mol%) nanocrystals upon excitation with a 980-nm diode laser. It can be 














I15/2 (red) transitions of Er
3+
. Notably, the 
intensity ratio of violet-to-green emission is about one order of magnitude 
larger than that observed for conventional Er
3+
-doped nanocrystals. To 
examine the effect of doping composition on emission, I further synthesized a 
series of nanocrystals with Yb
3+





 was chosen because of its very similar ionic radius and 
comparable chemical property to Yb
3+






Figure 3.10 Optical characterization of the as-synthesized KYb2F7:Er 
nanocrystals. (a), Room-temperature (25
o
C) emission spectra of KYb2F7:Er (2 
mol%) (top) and KYb2F7:Er/Lu (2/0-80 mol%) (bottom) nanocrystals recorded 
in cyclohexane solutions (0.2 wt %). All samples were excited under 980-nm 
laser illumination at a power density of 10 Wcm
-2
. Inset is a typical 
micrograph showing the luminescence of KYb2F7:Er (2 mol%) nanocrystals. 
(b), Proposed four-photon upconversion mechanisms in KYb2F7:Er 
nanocrystals following excitation with 980 nm laser. The dashed-dotted, 
dashed, dotted, and full arrows represent photon excitation, energy transfer, 
multiphonon relaxation, and emission processes, respectively. Note that the 
multiphoton pumping processes are numbered and highlighted with orange 




nanocrystals with different content levels of Lu
3+
 were found to have the same 
crystal phase. The XRD results in Figure 3.11 show that the crystal phases of 
the nanoparticles keep orthorhombic while they are doped with different 
amount of Lu
3+
 ions. Furthermore, TEM results in Figure 3.12 clearly show 








Figure 3.11 X-ray powder diffraction patterns of (a) KYb2F7:Er (2 mol%), (b) 
KYb2F7:Er/Lu (2/20 mol%), (c) KYb2F7:Er/Lu (2/40 mol%), (d) 
KYb2F7:Er/Lu (2/60 mol%) and (e) KYb2F7:Er/Lu (2/80 mol%) nanocrystals. 
The diffraction peaks correspond well with the literature data for orthorhombic 
KYb2F7 crystals (Joint Committee on Powder Diffraction Standards file 
number 27-459).  
 
 
Figure 3.12 Low-resolution TEM images of (a) KYb2F7:Er/Lu (2/20 mol%), 
(b) KYb2F7:Er/Lu (2/40 mol%), (c) KYb2F7:Er/Lu (2/60 mol%) and (d) 





However, a gradual decrease in the violet-to-green emission ratio is observed 
with the decrease in Yb
3+
 concentration (98-18 mol%) (Figure 3.10a). 
Significantly, no clear differences in the overall integrated emission intensity 
can be found between these samples (Figure 3.13), indicating the absence of 
the concentration quenching effect. This stands in stark contrast to the 
luminescence quenching observed from conventional systems with high Yb
3+
 
content levels, such as NaYbF4:Er (2 mol%) and LiYbF4:Er (2 mol%) 
nanoparticles. As shown in Figure 3.14, for either NaYbF4:Er/Lu or 
LiYbF4:Er/Lu, the luminescence intensity of samples with higher Yb content 
(98 mol%) is much weaker than that with low Yb content (20 mol%) 
indicating significant concentration quenching effects in these nanocrystals. 
 
 
Figure 3.13 (a) Room-temperature (25
o
C) emission spectra of cyclohexane 
solutions containing KYb2F7:Er/Lu (2/0-80 mol%) nanocrystals (0.2 wt%). All 
samples were excited under 980 nm laser irradiation at a power density of 10 
Wcm
-2
. (b) Plot of total emission intensity as a function of Yb
3+
 concentration 






Figure 3.14 (a, b) XRD patterns and corresponding low-resolution TEM 
images (insets) of the as-synthesized NaYbF4:Er (2 mol%), NaYbF4:Lu/Er 
(80/2 mol%) and LiYbF4:Er (2 mol%), LiYbF4:Lu/Er (80/2 mol%) 
nanocrystals, respectively. (c, d) Room-temperature (25
o
C) emission spectra 
of cyclohexane solutions containing NaYbF4:Er (2 mol%), NaYbF4:Lu/Er 
(80/2 mol%) and LiYbF4:Er (2 mol%), LiYbF4:Lu/Er (80/2 mol%) 
nanocrystals, respectively. Insets are plots of the total emission intensity of the 
respective nanocrystal solutions at different Yb
3+
 concentrations. All samples 





    To exclude the impact of particle size and morphology on emission, I also 
synthesized KYb2F7:Er (2 mol%) nanocrystals of different size and shapes 
(Figure 3.15). The violet-to-green emission ratios of these controls were found 
to be virtually identical. This result supports the hypothesis that the high 
violet/green emission ratio is not due to the change of particle sizes or 
morphologies, but the specific crystal structures.  
The large increase in violet upconversion emission can be attributed to the 




 at a high Yb
3+
 
concentration and confined energy transfer in Yb
3+





 co-doped nanocrystals, the 
4
S3/2 state of Er
3+ 
can be easily populated 
by Yb-assisted two-photon energy transfer upconversion process.
17






Figure 3.15 (a-c) Low-resolution TEM images (top panels) and corresponding 
room temperature emission spectra (bottom panels) of KYb2F7:Er (2 mol%) 
nanocrystals with different size and shape upon 980 nm laser excitation. 
 
 
that an elevated level of Yb
3+
 can further induce a back-energy-transfer from 
the 
4
S3/2 state of Er
3+
 to the 
2
F7/2 state of a nearby Yb
3+
, resulting in increased 
populations of 
4




 Subsequent energy transfer in the third and 









states by three- and four-photon upconversion processes, respectively, 
eventually leading to the enhanced red and violet emission (Figure 3.10b). 
3.3.3 Pump power dependence of upconversion luminescence  
The upconversion mechanism is supported by excitation power dependent 
studies where the strong violet upconversion emission was determined to be a 
four-photon upconversion process in KYb2F7 (Figure 3.16). In sharp contrast, 
the violet emission of conventional NaYbF4:Er (2 mol%) and NaYF4:Yb/Er 
(18/2 mol%) nanocrystals was found to be a three-photon process,
17
 with 
decrease in peak intensity by a factor of 100 and 8, respectively. Taken 
together, these data unambiguously suggest the critical role of energy 
clustering in preserving excitation energy during the upconversion process. 







Figure 3.16 Log-log plots of the upconversion emission intensity versus NIR 












I15/2 transitions of 
Er
3+
 in (a) KYb2F7:Er (2 mol%), (b) NaYF4:Yb/Er (18/2 mol%), and (c) 







emission in KYb2F7:Er nanocrystal includes structural optimization of crystal-
field energy levels coupled with enhanced transition cross-section.
34
 
The study of power dependence on the upconversion luminescence was 
conducted to understand the upconversion mechanisms. For a multiphoton 
upconversion process, the intensity of upconversion luminescence IUC is 
proportional to n power of the excitation power IP according to the following 
Eq. 3.1 
n
PUC II                                           Eq. 3.1 













I15/2) emissions for the KYb2F7:Er (2 
mol%) and NaYbF4:Er (2 mol%) nanocrystals were determined to be 2.89, 
2.59 and 2.61, 2.94, respectively. The n values for the green and red in both 
nanocrystals are greater than 2.5, indicating a three-photon process involved. 
This is in contrast with the conventional NaYF4:Yb/Er (18/2 mol%) 




F9/2 are found to be two-
photon processes (slopes are determined to be 1.86 and 2.03, respectively).
36 
It 




I15/2) in the KYb2F7:Er (2 
mol%) is dominated by four-photon upconversion process (slope = 3.92) while 
the violet emission was found to be mainly a three-photon process in 
NaYbF4:Er (2 mol%) and NaYF4:Yb/Er (18/2 mol%) nanocrystals. Moreover, 
the intensity of the violet emission in KYb2F7:Er (2 mol%) is ~100 times and 
~8 times stronger than that in NaYbF4:Er (2 mol%) and NaYF4:Yb/Er (18/2 
mol%) nanocrystals, respectively. This result indicates a different energy 
transfer mechanism involved for violet emission in KYb2F4:Er (2 mol%) 
which introduces a more efficient four-photon pumping of violet emission 
when compare to the conventional three-photon process.  
The upconversion mechanisms involved in these nanocrystals were 
described in Figure 3.17. For conventional NaYF4:Yb/Er (18/2 mol%) 
nanocrystals with a normal two-photon upconversion mechanism, a Yb
3+
 ion 
is first excited to 
2
F5/2 state under the 980 nm excitation followed by 
transferring its energy to an ground state Er
3+








Figure 3.17 Proposed upconversion mechanisms in (a) NaYF4:Yb/Er (18/2 
mol%), (b) NaYbF4:Er (2 mol%), and (c) KYb2F7:Er (2 mol%) nanocrystals. 
The dashed-dotted, dashed, dotted, and full arrows represent photon excitation, 
energy transfer, multiphonon relaxation, and emission processes, respectively. 
The abbreviations ETU and BET refer to energy transfer upconversion and 
back-energy-transfer, respectively. Note that the photon pumping step is 
numbered and highlighted with orange color. The two-, three-, and four-
photon processes in the KYb2F7:Er nanocrystals were highlighted in separate 
schemes. For clarity, only dominant energy transfer processes are shown. 
 
 
intermediate excited state. A subsequent energy transfer from another excited 
Yb
3+
 would further populate the Er
3+
 ions to the 
4
F7/2 state. A multiphonon 
relaxation then relaxes the excitation energy from the 
4




F9/2 states of Er
3+
, populating these states with energy from two excitation 





 can further populate the 
4
S3/2 state to the 
2
H9/2 state, leading to a three-
photon violet emission from Er
3+
 at 407 nm. For the KYb2F7:Er (2 mol%) and 
NaYbF4:Er (2 mol%) nanocrystals, the high Yb
3+












state to the ground state of Yb
3+
 ion at its 
2
F7/2 state, resulting in increased 
populations of 
4
I13/2 state of Er
3+
. Following energy transfer from another 
excited Yb
3+
 ion, the Er
3+
 ion can be promoted to the 
4
F9/2 state, resulting the 
three-photon red emission from 
4
F9/2 state.  
Importantly, the three-photon populated 
4
F9/2 state can be further promoted 
to the 
2
H9/2 state, leading to the four-photon violet emission by absorbing the 
fourth photon energy from another excited Yb
3+
 nearby. However, this process 
cannot be efficiently achieved in the NaYbF4:Er (2 mol%) nanocrystals due to 
their inability to preserve the excitation energy. This is because of the high 
probability of long-distance Yb-Yb energy migration in this crystal structure 
taking the excitation energy to lattice or surface defects. Subsequently, the 
energy migration leads to the depletion of excitation energy. In contrast, the 
energy clustering in Yb
3+
 tetrad clusters enables the storage of excitation 
energy, thus providing enough excited Yb
3+
 ions to populate the 
2
H9/2 state of 
Er
3+ 
ions. Consequently, an upconverted four-photon violet emission is 
achieved (Figure 3.17).  
3.3.4 Time decay measurement of upconversion luminescence 
The energy transfer process can be further validated by luminescence decay 
studies. On increasing Yb
3+
 concentration from 18 to 98 mol%, only a small 
decrease is observed in the 
2
F5/2 lifetime of Yb
3+
 from 327 to 223 s in 
KYb2F7 nanocrystals. This is in stark contrast to the significant decrease in the 
2
F5/2 lifetime of Yb
3+
 from 484 to 33.2 s in conventional hexagonal-phased 
NaYbF4 nanocrystals (Figure 3.18). Thus, a key unanswered question is how 
the depletion of excitation energy in lattice of high Yb concentration is 
minimized in the case of KYb2F7 nanocrystal. 
3.3.5 Theoretical investigation on the energy clustering effect 
To gain insight into the mechanisms responsible for the enhanced 
upconversion luminescence, I employed a random-walk model to investigate 
the energy migration between Yb
3+
 ions. On the basis of synchrotron X-ray 
absorption spectroscopic measurements indicating the presence of Yb-Yb 
bonding in the range of 3-4 Å (Figure 3.9), it can be assumed that the Yb-Yb 







Figure 3.18 Room-temperature (25
o
C) luminescence decay curves for the (a-c) 
KYb2F7:Er/Lu nanocrystals and (d) NaYbF4:Er/Lu nanocrystals doped with 98 
mol% and 18 mol% of Yb
3+
. The decay curves were obtained by monitoring 
upconverted Er
3+
 emission at (a) 558 nm and (b) 670 nm, and downconverted 
Yb
3+








 Thus, the probability of 




                                  Eq. 3.2                                      
where R is the distance between the energy donor-acceptor pair, CYb-Yb is the 
Yb-Yb interaction constant, and L is effective Bohr radius (estimated to be 
0.3 Å for Yb-Yb interaction33). Considering the short distance between two 
neighboring Yb
3+
 ions within the tetrad cluster (3.41-3.55 Å) and the relatively 
long distance (3.75-3.83 Å) between the Yb clusters, it can be concluded that 
the probability of energy transfer within the Yb cluster (Pintra) is more than 10 
times higher than that of inter-cluster energy transfer (Pinter) (Figure 3.10c). A 
more likely origin would be energy transfer confined within the tetrad Yb
3+
 
cluster accounting for the observed luminescence enhancement, rather than 





Monte-Carlo simulations were next performed to describe the migration of 
excitation energy in different crystal sublattices. The energy migration process 
in different crystal structures can be differentiated by comparing the 
probability of energy migration through the host lattice. When absorbed by an 
Yb
3+
 ion, the excitation energy is able to migrate through the lattice within its 
lifetime. To estimate the distance of energy migration, I considered that the 
excitation energy migrates through the Yb sublattice for five thousand steps of 
nearest-neighbor random walk prior to relaxation. As anticipated, the 
probability of finding excitation energy in the starting point of energy 
migration after the random walk decreases substantially in a simple cubic 




Figure 3.19 The probability of finding the excitation energy plotted against 
migration distance using Monte-Carlo simulations for (a) KYb2F7 crystal and 
(b) simple cubic structure, respectively. The datasets were constructed by 
calculating the position of the excitation energy after five thousand steps of 






Figure 3.20 Room-temperature (25
o
C) emission spectra of cyclohexane 
solutions containing (a) KYb2F7:Ho (2 mol%), KYb2F7:Lu/Ho (80/2 mol%) 
and (b) KYb2F7:Tm (0.2 mol%), KYb2F7:Lu/Tm (80/0.2 mol%) nanocrystals. 
Insets are corresponding plots of luminescence intensity of the nanocrystals 





To verify the energy clustering effect of the Yb sublattice on activator 
emission, KYb2F7 nanocrystals doped with varying concentration of Lu
3+
 (0-
80 mol%) were examined, in combination with Tm
3+
 (0.2 mol%) or Ho
3+
 (2 





 activators were found to be independent of Yb
3+
 concentration 
(Figure 3.20). The intense upconversion emission resulting from higher-lying 
states of the activators (e.g., 
1
























3.3.6 ALP detection using KYb2F7:Er upconversion nanocrystals  
     The availability of intense violet upconversion emission from KYb2F7:Er 
nanocrystals offers unique opportunities for the development of integrated 
biodetection systems. As a proof of concept, I showed that these nanocrystals 
allow for screening alkaline phosphatases (ALP) which have been commonly 
used to diagnose bone and hepatic diseases.
38
 The basic design involves 
measuring luminescence quenching in violet emission of KYb2F7:Er 
nanocrystals when the nanocrystals are brought close to 4-nitrophenolate 
(Figure 3.21a). The 4-nitrophenolate formed by an alkaline phosphatase-
  
 
Figure 3.21 Enzyme activity screening using the KYb2F7:Er (2 mol%) 
nanocrystals. (a), Schematic design for screening the activity of alkaline 
phosphatase. The enzyme reacts with 4-nitrophenylphosphate to generate 4-
nitrophenolate and inorganic phosphate compounds. The resulting 4-
nitrophenolate is then transferred into a solution of KYb2F7:Er nanocrystals. 
When irradiated with a 980-nm laser, the nanocrystals exhibit suppressed 
emission at 407 nm due to a high molar absorptivity of the 4-nitrophenolate at 
405 nm. (b), The emission spectra of nanocrystal solutions containing 
different amounts of alkaline phosphatase in the presence of 4-
nitrophenylphosphate. (c), The emission intensity ratio (I407nm/I558nm) 
dependence on enzyme concentration. (d), Demonstration of alkaline 
phosphatase detection in mouse embryonic stem cells (ESCs) and embryonic 






catalyzed reaction shows a characteristic absorption band centered at 400 nm, 
overlapping with the violet emission peak of the nanocrystals. As shown in 
Figure 3.21, b and c, the violet emission intensity of the upconversion 
nanocrystals gradually decreased with increasing concentration of alkaline 
phosphatase. In contrast to conventional fluorescence-based assays reliant on 
organic fluorphores
39
 or quantum dots
40
, this approach provides a multitude of 
advantages, including much reduced background fluorescence, superior 
detection sensitivity and fast response time. It should be noted that utilization 
of near-infrared excitation enables the monitoring of alkaline phosphatase 
activity directly in a cell culture medium or in cytoplasm without cell isolation 
and purification (Figure 3.21d).  
3.4 Conclusion 
In conclusion, I have demonstrated a new paradigm for tuning upconversion 
through excitation energy clustering at the subunit-cell level. The investigation 
of enhanced upconversion luminescence through the clustering of excitation 
energy at the subunit-cell level enables an improved understanding of 
multiphoton upconversion in nanostructured materials. The mechanistic 
investigation, corroborated by theoretical calculations for the KYb2F7:Er 
nanocrystals, show for the first time a four-photon upconversion for violet 
emission resulting from fast energy transfer within the tetrad Yb clusters. This 
study also raises the possibility of constructing high-quality upconversion 
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Tuning Upconversion in Lanthanide-Doped 
Nanocrystals through Inter- and Intra- 






















Anti-Stokes emission processes that convert long-wavelength pump sources 
into short-wavelength emission have recently attracted great attention in a 
broad range of research fields, not only for their fundamental scientific 
importance but also because of their potential applications ranging from 
compact solid-state lasers and optical data storage to biological imaging and 
detection.
1-5
 As it has been mentioned in Chapter 1, simultaneous two-photon 
absorption (TPA) is a well-established method for generating anti-Stokes 
emissions from a variety of luminescent materials such as organic dyes and 
semiconducting nanocrystals.
6,7
 Alternatively, second-harmonic generation 
(SHG) can be used to perform anti-Stokes conversion.
8,9
 However, there are 
inherent limitations associated with these two methods with regard to the 







) or nonlinear optical materials with a non-centrosymmetric 
atomic or molecular organization. 
Upconversion, typically classified by excited state absorption (ESA) or 
energy transfer upconversion (ETU) through use of physically existing 
intermediary energy states of lanthanide ions, has recently emerged as an 
attractive method for the generation of anti-Stokes emissions.
1,10
 This method 
encompasses the benefit of high conversion efficiency without the need for 
intense coherent excitation sources, with the inherent advantages of large anti-
Stokes shifts, sharp emission bandwidths, and long excited-state lifetimes. The 
ability to prepare small-sized lanthanide-doped nanocrystals with high 
photostability and low cytotoxicity has enabled them to be particularly suitable 
for biological labeling and imaging applications.
11-38
 Despite these attractions, 







characterized by ladder-like arranged energy levels essential for facilitating 
the successive photon absorption and energy transfer steps.
11
 The challenge of 
finding new upconversion activators without ladder-like arranged energy 
levels has been met with limited success.
10
 
Herein, an experimental investigation of photon upconversion was 
demonstrated in core-shell nanoparticles doped with a series of lanthanide ions. 
For a variety of lanthanide activators without long-lived intermediary energy 





controlling gadolinium (Gd) sublattice-mediated energy migration
39-42
 through 
a well-defined core-shell structure. The lanthanide ions designed for efficient 
EMU are classified into four types: sensitizers (type I), accumulators (type II), 
migrators (type III), and activators (type IV). A sensitizer ion is used to 
harvest pump photons and subsequently promote a neighboring accumulator 
ion to excited states. A migrator ion extracts the excitation energy from high-
lying energy states of the accumulator, followed by fast energy migration 
through migrator ion sublattice and trapping of the migrating energy by an 
activator ion. The migrator sublattice serves as an energy bridge to mediate 
energy transfer from the accumulator to the activator, thereby eliminating 
cross-relaxation between the two ions. A key feature of the EMU design is that 
the excitation energy collected by the sensitizer can be amassed in the 
accumulator by successive energy transfer while enabling one-step energy 
transfer to the activator. Thus, stringent selection rules for activators (type IV 
ion) can be exempted, in parallel with the benefit of inherent high conversion 
efficiency of ETU for low energy excitation photons. As a result, efficient 
upconversion emission is likely to be realized for a wide range of activators 
without long-lived intermediary energy states. 
4.2 Materials and methods 
4.2.1 Reagents 
Gd(CH3CO2)3•xH2O, (99.9%), Y(CH3CO2)3•xH2O (99.9%), 
Yb(CH3CO2)3•4H2O (99.9%), Tm(CH3CO2)3•xH2O (99.9%), 
Tb(CH3CO2)3•xH2O (99.9%), Eu(CH3CO2)3•xH2O (99.9%), 
Dy(CH3CO2)3•xH2O (99.9%), Sm(CH3CO2)3•xH2O (99.9%), NaOH (98+%), 
NH4F (98+%), 1-octadecene (90%), oleic acid (90%), fluorescein 5(6)-
isothiocyanate (FITC), tetramethylrhodamine-5-isothiocyanate (TRITC), 
polyoxyethylene (5) nonylphenylether (CO-520), were purchased from Sigma-
Aldrich. Polystyrene beads (3.55 μm) in 10% w/v aqueous dispersion were 
purchased from Microparticles GmbH. Unless otherwise noted, all chemicals 





4.2.2 Synthesis of core nanocrystals   
    In a typical procedure to the synthesis of NaGdF4:Yb/Tm nanocrystals, 2 
mL water solution of Ln(CH3CO2)3 (0.2 M, Ln = Gd, Yb, and Tm) was added 
to a 50mL flask containing 4 mL of oleic acid. The mixture was heated at 
150
o
C for 30 min to remove the water content from the solution. A solution of 
1-octadecene (6 mL) was then quickly added to the flask and the resulting 
mixture was heated at 150
o
C for another 30 min before cooling down to 50 C. 
Shortly thereafter, 5 mL of methanol solution containing NH4F (1.36 mmol) 
and NaOH (1 mmol) was added and the resultant solution was stirred for 30 
min. After the methanol was evaporated, the solution was heated to 290
o
C 
under argon for 1.5 h and then cooled down to room temperature. The 
resulting nanocrystals with a yield of 80 mg were precipitated by addition of 
ethanol, collected by centrifugation at 6000 rpm for 5 min, washed with 
ethanol several times, and re-dispersed in 4 mL of cyclohexane. 
4.2.3 Synthesis of core-shell nanocrystals   
The NaGdF4:Ln shell precursor was first prepared by mixing 2mL water 
solution of Ln(CH3CO2)3 (0.2 M, Ln = Gd, Tb, Eu, Dy, and Sm) and 4mL of 
oleic acid in a 50-mL flask followed by heating at 150
o
C for 30 min. Then 1-
octadecene (6 mL) was added and the mixed solution was heated at 150
o
C for 
another 30 min before cooling down to 50
o
C. Subsequently, NaGdF4:Yb/Tm 
core nanocrystals (40 mg) dispersed in 2 mL of cyclohexane were added along 
with a 5-mL methanol solution of NH4F (1.36 mmol) and NaOH (1 mmol). 
The resulting mixture was stirred at 50
o
C for 30 min, at which time the 
solution was heated to 290
o
C under argon for 1.5 h and then cooled down to 
room temperature. The resulting nanocrystals were precipitated by addition of 
ethanol, collected by centrifugation at 6000 rpm for 5 min, washed with 
ethanol several times, and re-dispersed in 4 mL of cyclohexane. 
4.2.4 Preparation of ligand-free nanocrystals 
The as-prepared oleic acid-capped nanocrystals were dispersed in a 2mL 
HCl solution (0.1 M) and ultrasonicated for 15 min to remove the surface 
ligands. After the reaction, the nanocrystals were collected via centrifugation 
at 16500 rpm for 20 min, and further purified by adding an acidic ethanol 





ethanol). The resulting products were washed with ethanol and deionized 
water several times, and re-dispersed in deionized water. 
4.2.5 Preparation of nanocrystal-tagged polystyrene beads 
In a typical experiment, a solution of ligand-free nanocrystals (50-100 μL, 2 
wt%) was added into a mixture of polystyrene bead dispersion (5 μL) and 
butanol (200 μL). The mixture was kept at room temperature for 30 min, at 
which time nanocrystal-tagged beads were collected by centrifugation at 6000 
rpm for 5 min and washed with deionized water, and re-dispersed in deionized 
water. 
4.2.6 Materials characterization 
Low-resolution transmission electron microscopy (TEM) measurements 
were carried out on a JEL-1400 transmission electron microscope (JEOL) 
operating at an acceleration voltage of 120 kV. Scanning electron microscopy 
(SEM) was performed on a FEI NOVA NanoSEM 230 scanning electron 
microscope operated at 5 kV. Powder X-ray diffraction (XRD) data were 
recorded on a Bruker D8 Advance diffractometer with a graphite-monochro-
matized CuKα radiation (1.5406 Å). UV-vis transmission spectrum was 
recorded on a Shimadzu UV-2450 spectrophotometer. Fourier transform 
infrared (FTIR) spectroscopy spectra were obtained on a Varian 3100 FT-IR 
spectrometer.  Photoluminescence spectra were recorded at room temperature 
with a DM150i monochromator equipped with a R928 photon counting 
photomultiplier tube (PMT), in conjunction with a 980 nm diode laser. Unless 
otherwise specified, the emission spectra were normalized to maximum Tm
3+
 
emission either at 450 nm or 475 nm, whichever is strong. Upconversion 
luminescence microscopy imaging was performed on an Olympus BX51 
microscope with the xenon lamp adapted to a diode laser. Luminescence 
micrographs were recorded with a Nikon DS-Ri1 imaging system. Digital 
photographs were taken with a Nikon D700 camera. High-resolution scanning 
transmission electron microscopy (STEM), electron energy loss spectroscopy 
(EELS) and energy-dispersive X-ray spectroscopy (EDX) were performed on 
an FEI aberration-corrected Titan Cubed S-Twin transmission electron 






4.3 Results and discussion 
4.3.1 Intra-particle energy migration in core-shell NaGdF4 UCNPs  
The process of intra-particle energy migration upconversion (EMU) was 
demonstrated in core-shell NaGdF4@NaGdF4 nanocrystals. As a proof-of-
concept experiment, the nanocrystals were separately incorporated with the 
sensitizer/accumulator (Yb/Tm) and the activator (X
3+
; X = Tb or Eu, Dy, Sm) 
in the core and shell layer, respectively (Figure 4.1a).
25
 Hexagonal phase 
NaGdF4 was chosen as the host material for its ability to render high 
upconversion efficiency in addition to the benefit of using the Gd sublattice 
for fast energy migration.
39





 is situated in the ultraviolet spectral region where most of the lanthanide 
ions have overlapping absorption bands (Figure 4.1b). As an added benefit, the 
energy gap between the 
6
P7/2 and ground level of Gd
3+
 is very large to  
 
 
Figure 4.1 (a) Schematic design of lanthanide-doped NaGdF4@NaGdF4 core-
shell nanocrystals for EMU (X: activator ion). (b) Proposed energy transfer 











Figure 4.2 Control experiments investigating core-shell growth as a function 
of shell precursor volume. As an epitaxial growth process, the core particles 
(~15 nm) act as substrates to seed the growth of shell layers. These results 
showed that by controlling the volume of shell precursors with respect to the 
number of core particles, the shell thickness can be precisely controlled (top 
and middle panels). However, phase separation occurs at a considerably low 
concentration of core particles (bottom panel). Note that emission intensities 
from Tb
3+
 activator increased with increasing shell thickness. 
 
 
minimize the energy loss caused by multiphonon emission and cross-
relaxation.
43
 The sensitizer/accumulator pair of Yb/Tm was used to 
accumulate the excitation photons. It is well established that efficient energy 
transfer occurred between these two ions can result in the population of the 
6
P7/2 state of Gd
3+
 by accumulating more than five near-infrared photons.
44 
In a typical experiment, NaGdF4 nanocrystals co-doped with Yb/Tm were 
first fabricated and then used as seeds for growth of NaGdF4 shells comprising 
activators. The core-shell nanocrystals were synthesized by an epitaxial 
growth process, which involves the use of pre-synthesized core nanocrystals 
as seeds to mediate the growth of the shell layer.  By adjusting the sample 
volume of shell precursors used in the synthesis, the shell thickness of the 
nanocrystals can be controlled (Figure 4.2). Notably, an increase in shell 






Figure 4.3 (a) High-resolution STEM image taking in [001] incidence of a 
nanocrystal comprising a NaGdF4:Yb/Tm core and a NaGdF4:Tb shell. (b) An 
enlarged view of a selected area in (a) indicated by a yellow box, showing 
lanthanide (Ln) and Na atomic columns. (c) Digitally processed STEM image 
by imposing projection symmetry to enhance the signal/noise ratio. (d) EELS 
line scan conducted with STEM imaging (Inset) on a NaGdF4 core-shell 
nanocrystal (e) Emission spectra of the NaGdF4 core-shell nanocrystals doped 
with different activators (Activator emissions are highlighted with color). (f) 
Luminescence micrograph of polystyrene beads tagged with core-shell 
nanocrystals comprising NaGdF4:Yb/Tm@NaGdF4 (blue), 
NaGdF4:Yb/Tm@NaGdF4:Tb (green), NaGdF4:Yb/Tm@NaGdF4:Eu (red), 
and a binary mixture of NaGdF4:Yb/Tm@NaGdF4:Tb and 
NaGdF4:Yb/Tm@NaGdF4:Eu (yellow), respectively. 
 
 
enhanced emission intensities from the activators (Figure 4.2, top and middle 
panels). However, the volume of precursor should be carefully controlled. It 
should be note that, at a high volume (20 mL) of shell precursors, a binary 
sized mixture of nanocrystals was obtained as a result of phase separation 
(Figure 4.2, bottom panel). The phase separation during shell growth may due 





nucleation and core-shell particle growth happens during the reaction. 
Therefore, adding 10 mL of shell precursors was found as the optimized 
reaction condition. 
The as-prepared NaGdF4:Yb,Tm (49,1 mol%)@NaGdF4:Tb (15 mol%) 
core-shell nanocrystals were next characterized by high-resolution STEM. In a 
typical experiment, high-resolution STEM imaging was conducted at a 2-
s/pixel scanning rate with 70 m C2 aperture, spot size 9, a high-angle 
annular dark-filed (HAADF) detector, and 146 mm camera length. Under such 
conditions a spatial resolution of ~1.0 Å was obtained. As shown in Figure 
4.3a, the high-resolution STEM image shows the single crystalline nature of 
the nanocrystal with high structural uniformity. The as-prepared core-shell 
nanocrystals exists remarkable single-crystalline structures without noticeable 
defects at atomic resolution. The STEM image was further processed using the 
program CRISP. The processed procedure is similar to that has mentioned in 
the Page 56, Chapter 3. The resulted symmetry imposed image matches well 
with [001] incidence atomic structure of hexagonal phase NaGdF4 confirmed 
the hexagonal phase of the as-prepared core-shell nanocrystals (Figure 4.3b 
and c).  
Despite the high quality of the STEM image, as evidenced by the visibility 
of light element Na (Figure 4.3c), the core and the shell cannot be 
distinguished directly from the image by diffraction contrast or Z contrast 
because they have very close crystalline structures and compositions. However, 
EELS analysis conducted on several randomly selected nanocrystals illustrated 
that the elemental distributions of the nanocrystals are well consistent with the 
designed compositions for the core-shell structures. The EELS line scan was 
conducted using 70 m C2 aperture, spot size 9, 29.6 mm camera length, 5 
mm entrance aperture (collection angle = 54 mrad) and 0.1 s/pixel collection 
time. As shown in Figure 4.3d, the signal intensity variation of Gd across a 
randomly selected nanoparticle. The Gd content at particle edge is clearly 
higher than that in the interior, thus confirm the designed core-shell structure 
of the nanocrystal of which Gd content is 50 mol% in the core and 85 mol% in 






Figure 4.4 (a-d) EMU emission spectra obtained in cyclohexane solutions 
comprising 1 wt% of the core-shell particles with different activators under 
excitation of a 980 nm CW diode laser at a power density of 15 Wcm
-2
. (e) 
Compiled luminescence photograph of colloidal solutions of representative 
samples showing the upconversion multicolor tuning by varying activator 
composition and concentration.  
 
 









 can serve as the activator to 
generate tunable upconversion emissions spanning the visible spectral region 
(Figure 4.3e). Significantly, all the emissions obtained are visible at room 
temperature at moderate excitation (15 Wcm
-2
). In stark contrast, conventional 
methods for generating anti-Stokes emissions on these activators require either 




) or extremely low 
operating temperatures.  
The doping concentration of the activator ions was then optimized. 






Figure 4.5 Non-normalized upconversion emission spectra of a series of 
NaGdF4@NaGdF4 core-shell nanoparticles with Yb/Tm and Tb
3+
 doped at 
separated layers or doped homogeneously in the core level. Emission spectra 
were obtained in cyclohexane solutions comprising 1 wt% particles under 





(2.5-20 mol%) of Tb
3+
 activators were first prepared.  From the 
photoluminescence data obtained from these samples, the optimum Tb
3+
 
concentration was estimated to be 15 mol% (Figure 4.4a).  In addition, the 







, respectively, were obtained (Figure 4.4b-d).  The optimization of dopant 
concentrations enables efficient trapping of migrating energy while avoiding 
luminescence quenching of the activators. Notably, the EMU color can be 
fine-tuned by varying the doped activator concentration. In this study, the 





 concentration (Figure 4.4e). This feature would provide 
substantial flexibility in designing multicolor particle labels for multiplexed 
imaging applications under single-wavelength excitation (Figure 4.3f). The 






Figure 4.6 Control experiments showing quenching of upconversion emission 







, respectively. Emission spectra without normalization were obtained 
in cyclohexane solutions comprising 1 wt% particles under excitation of a 980 





Although energy migration is not unique to core-shell nanocrystals, the 
core-shell structure was designed to eliminate cross-relaxation-induced energy 
loss due to direct interaction between the Yb/Tm pair and the activator.
24
 To 
verify the need of a core-shell structure, a series of NaGdF4 core-shell 







different doping levels. The emission spectra of these nanocrystals were 
compared to that of the core-shell nanocrystals with Yb/Tm and Tb
3+
 dopants 
at separated layers. As shown in Figure 4.5, all of the homogenously doped 





stark contrast to strong emissions from the core-shell heterogeneously doped 





. The direct interaction between Tm
3+







 is also supported by the suppressed emission peaks of Tm
3+
 centered at 













 can be slightly 
eliminated at a low Tb
3+
 dopant content. However, the low concentration of 
Tb
3+
 is also unfavorable for trapping the excitation energy of Gd
3+
. As a result, 
a suppressed EMU process occurs with significant luminescence quenching.  
As shown in Figure 4.6, Similar quenching effects have also been observed 






 activators doped homogeneously 










These results can be ascribed to the depletion of excitation energy of Tm
3+
 








Figure 4.7 Schematic drawing of the experimental setup for EMU 
luminescence imaging of lanthanide-doped core-shell nanocrystals. A 980 nm 
diode laser was used to excite the samples. The laser was directed into an 
Olympus BX51 microscope through a beam expansion lens to offer uniform 
illustration of the samples. The upconverted luminescence image was recorded 





4.3.2 Microscopic multicolor upconversion imaging 
The as-synthesized core-shell nanocrystals with different types of activators 
can be simultaneously excited by a home-made luminescence microscope 
equipped with a 980 nm diode laser (Figure 4.7). This capability provides a 
convenient platform for multicolor luminescence imaging. As a demonstration 
of this concept, upconversion nanocrystal-tagged polystyrene beads (~3.55 μm) 
were utilized. The assembly of nanocrystals on the beads enables 
amplification of upconverted signals. In contrast to non-modified polystyrene 




Figure 4.8 (a) SEM image of the polystyrene beads used as the substrates for 
nanocrystal modification. (b) SEM image of the d nanocrystal-tagged beads. 
(c) An enlarged SEM view of a single particle marked by a yellow box in b. (d, 
e) Luminescence photographs of the nanocrystal-tagged polystyrene beads at 
low and high magnifications showing that multicolor emissions can be 





nanoparticles under scanning electron microscopy (Figure 4.8). Remarkably, 
luminescence photographs at different magnifications showed that different 
activator emissions can be clearly distinguished from each other in a single set 
of experimental conditions (Figure 4.8). No background autofluorescence was 
noticeable, which is a unique advantage of lanthanide-doped upconversion 
nanocrystals. These characteristics, in parallel with the benefits of large 
penetration depth and low photo-damage of near-infrared irradiation in 
biological samples,
45,46
 suggest that these novel core-shell nanocrystals should 
be potentially useful for multiplexed biological labeling and imaging studies. 
4.3.3 Intra-particle energy migration in core-shell NaGdF4 UCNPs  
One of prominent features of the EMU process is that the migration of 
excitation energy through the Gd sublattice can travel a substantial length. 
This energy transfer process can be realized across two sets of NaGdF4 
nanocrystals having different dopants. An intra-particle energy migration 




Figure 4.9 (a) Schematic design of I-PEM between the NaGdF4:Yb/Tm and 
NaGdF4:X nanoparticles (X: activator ion). (b) Emission spectra of 
ethanol/water solutions containing NaGdF4:Yb/Tm nanoparticles (2 wt%) and 
NaGdF4:Tb nanoparticles of varying concentrations. (c) Upconversion 
luminescence decay curves of Gd
3+
 emission at 310 nm in NaGdF4:Yb/Tm 
(49/1 mol %) and in a binary mixture (1:1; wt/wt) of NaGdF4:Yb/Tm (49/1 






Figure 4.10 I-PEM studies of oleate-capped NaGdF4 nanoparticles. (a) 
Schematic presentation showing that excitation energy fails to migrate across 
the oleate-capped NaGdF4 nanoparticles because of energy quenching by 
oleate ligand. (b) Upconversion emission spectra of solution and solid sample 
mixtures obtained under excitation of a 980 nm CW diode laser at a power 
density of 15 Wcm
-2
.  No acceptor emissions were observed in both cases. (c) 
Absorption spectra of oleic acid and lanthanide (Gd/Yb/Tm 50/49/1 mol%)-
oleate complex obtained in 100 μM of cyclohexane solutions. The strong 









are used as energy donors, while the other set doped only with different 
activators act as energy acceptors (Figure 4.9a). On near-infrared excitation, It 
is envisaged that the excitation energy, carried by the Gd sublattice in a donor 
particle, can be transferred to the Gd
3+
 ions in an adjacent acceptor particle 
through inter-particle energy migration (I-PEM). Further energy migration by 
the Gd sublattice in the acceptor particle and subsequent trapping by the 
activator could lead to the emission from the acceptor particle. 
To validate this hypothesis, NaGdF4:Yb/Tm and NaGdF4:Tb nanoparticles 
were prepared and mixed at different molar ratios in ethanol/water (4:1; v/v) 
solutions. Note that surface oleate ligands were removed using a strong acid to 
reduce depletion of excitation energy at the particle interface. The depletion of 
excitation energy at the particle interface is evidenced in Figure 4.10. As can 
be seen, the sensitized emission of acceptor particles (NaGdF4:Tb) was not 










 by oleate ligands due to the strong absorbance of oleate acid 
in UV region (Figure 4.10c).  
Therefore, to avoid the quenching of excitation energy by oleate ligand 
molecules, energy donor and acceptor particles were thoroughly washed with 
concentrated HCl solutions to yield ligand-free particles (Figure 4.11a).  The 
removal of the surface ligands was confirmed by FTIR analysis , as the 
characterized C-H stretching picks at 2924 cm
-1
 and 2854 cm
-1




Figure 4.11 Synthesis and characterization of oleate-free NaGdF4 
nanoparticles. (a) Schematic presentation showing the removal of oleate 
ligands from the particle surface in acid environment. (b) FTIR spectra reveal 
that the oleate-related absorption bands disappeared after washing the 
nanoparticles with HCl solution, confirming the successful removal of oleate 
ligands from the particle surface. Note that strong O-H absorption bands from 
the ligand-free nanoparticles are due to water molecules physically absorbed 







Figure 4.12 Schematic design for visualizing IPEM process. The 




disappeared after washing with HCl solutions due to the dismission of organic 
ligands on the particle surface (Figure 4.11b). 
The ligand-free donor and acceptor particles were then mixed in ethanol 
solutions at different molar ratios. Following near-infrared excitation the 
energy transfer between the nanoparticles is evident, as determined by 
sensitized Tb
3+
 emission from particle solutions (Figure 4.9b). Notably, the 
emission intensity of Tb
3+
 increased with increasing concentration of acceptor 
particles. The removal of oleate ligands also rescued radiative transitions of 
Gd
3+




S7/2) to some extent. Time decay study revealed a 
shortening in lifetime of Gd
3+
 emission at 310 nm upon admixing with the 
acceptor particles (Figure 4.9c), while decay rates of Tm
3+
 remained 
essentially unaltered. In further control experiments with Gd
3+
 ions in the 




 emission was 
observed. Therefore, the excitation of Tb
3+
 can be clearly ascribed to a Gd 
sublattice-mediated I-PEM process. 
Remarkably, by organizing donor and acceptor particles in close proximity 
on a solid substrate through use of donor-modified polystyrene beads (3.55 
μm), the I-PEM process can be directly visualized at the point of contact 
between the donor and acceptor particles under luminescence microscopy. 






Figure 4.13 (a-b) Micrographs of the nanoparticle-tagged polystyrene beads 
under dual-mode (halogen light and 980-nm laser) illumination and 980-nm 
excitation alone, respectively. Scale bars for micrographs are 10 μm. (c) SEM 
image of the NaGdF4:Yb/Tm particle-tagged beads in contact with the 




with energy donor particles (NaGdF4:Yb/Tm) and immobilized them on a 
microscope glass slide. Energy acceptor particles (NaGdF4:Tb) were added 
from one side of the glass slide and allowed to diffuse toward the 
NaGdF4:Yb/Tm-tagged beads (Figure 4.12).  
The microscopic images and the SEM image of the polystyrene beads 
attached glass slide are shown in Figure 4.13. Figure 4.13a shows the bright 
field image of the nanoparticle-tagged polystyrene beads under dual-mode 
(halogen light and 980-nm laser) illumination. As can be seen, the image was 
just captured near the solvent front where some of the NaGdF4:Yb/Tm-tagged 
polystyrene beads were immersed by NaGdF4:Tb nanoparticles while the 
others remained uncovered. The area contained NaGdF4:Tb nanoparticles is 





luminescence image is shown in Figure 4.13b. From the luminescence image, 
it is found that characterized Tb
3+
 green emission can only be found at area 
where NaGdF4:Tb nanoparticles were covered, while only purple emission 
originated from Tm
3+
 can be seen in the other area. This result indicated the 
occurrence of an I-PEM process. The covered and uncovered of NaGdF4:Tb 
nanoparticles near the solvent front was further confirmed from the SEM 
image (Figure 4.13c). 
The optical properties observed in these nanoparticles are especially 
surprising because they have provided the first observation of inter-particle 
energy transfer with lanthanide-doped nanophosphors as energy acceptors. In 
contrast to quantum dots and organic dyes,
47,48
 lanthanide-doped 





) in the ultraviolet-visible spectral region, 
making them unsuitable as acceptors for conventional Förster resonance 
energy transfer (FRET) studies.
49
 The striking optical phenomenon described 
here would be dominated by a network of Gd sublattice which has the dual 
ability to shorten the interaction distance (from R to r) between the donor and 
the acceptor and to tune the mismatched energy levels to the same resonant 
frequency. 
4.4 Conclusion 
The ability to tune upconversion properties for a rather wide range of 
activators by using a combination of energy migration and core-shell structural 
engineering would expand the range of applications for lanthanide-doped 
nanoparticles. When one considers the advantage and versatility offered by 
these nanoparticles, including non-blinking characteristics, the findings of this 
study should have important implications for advanced bioimaging as they 
highlight the possibility of constructing novel luminescent nanoparticles with 
high designability and tunability. Given the substantial flexibility in 
manipulating energy transfer in nanostructures, this discovery may also 
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Conclusion and Prospective 
5.1 Conclusion 
The primary objective of this thesis was to examine rational methods to 
control the functionalities of upconversion nanomaterials and evaluate the 
potential applicability of these novel materials in practical uses. It was found 
that the properties of lanthanide-doped upconvesion nanomaterials were 
highly dependent on the dopants and their surrounding host crystal structures. 
By tuning the interactions between various doped trivalent lanthanide ions and 
hosts, we have successfully adjusted the outcome features of these 
nanomaterials. Specifically, we demonstrated three individual models for 
either decreasing the deleterious energy dispassion to enhance the local 
upconversion emission or increasing the useful energy donation to improve the 
energy transfer performance of the upconversion nanomaterials. 
Firstly, we developed a novel upconverson nanomaterial based 
heterogeneous structure by simply wrapping the core-shell NaYF4 
upconversion nanoparticles with thin layers of amorphous MnO2 nanosheets. 
We found that manganese dioxide (MnO2) nanosheets formed on the surface 
of nanoparticles can efficiently quench the upconverted luminescence due to 
the non-radiative energy transition. We also found that the luminescence of the 
MnO2-modified upconversion nanoparticles can be turned-on by introducing 
glutathione (GSH) that reduces MnO2 into Mn
2+
. By taking advantage of the 
highly sensitive GSH/MnO2 redox reaction and the nonautofluorescent assays 
offered by the upconversion nanoparticles, we have also demonstrated the 
monitoring of GSH levels both in aqueous solutions and in living cells. The 
findings of this study are important not only for enabling promising 
applications in rapid screening of glutathione molecules, but also for providing 
a sensor platform useful for photocatalytic and photoelectric studies, when one 






Secondly, we evaluated the role of energy migration process in the effect of 
concentration quenching of the excited state of lanthanide dopants at high 
doping levels. We noted that the energy migration process essentially 
depended on the distance of lattice positions occupied by the doped ions rather 
than the doping concentration. Based on this understanding, we successfully 
minimized the deleterious concentration quench effect and generated intense 
NIR-to-violet upconversion emission through use of α-KYb2F7:Er (2 mol%) 
nanocrystals. This is because the unique arrangement of lanthanide clusters of 
KYb2F7 enables photon energy circling at the sublattice level, which 
effectively minimizes the migration of excitation energy to defects even with 
an extremely high Yb
3+
 content (calc. 98%). Our results have taken the first 
step to eliminate the problem of concentration quenching which has hindered 
the progress of lanthanide doping in elevated levels for many years. The 
results also highlight the possibility of enhancing upconversion at the high-
energy end of the visible spectrum which is particularly useful for light-
triggered biological reactions and photodynamic therapy. 
Finally, we showed that by rational design of a core-shell structure with a 
set of lanthanide ions incorporated into separated layers at precisely defined 
concentrations, efficient upconversion emission can be generated through 
gadolinium sublattice-mediated energy migration for a rather wide range of 
lanthanide activators without long-lived intermediary energy states. Our 
mechanistic investigations confirm that the use of the core-shell structure 
allows the elimination of deleterious cross-relaxation. This effect enables fine-
tuning of upconversion emission through trapping of the migrating energy by 
the activators. Furthermore, the energy migration process can also be 
harnessed to provide energy transfer for the first time to lanthanide-doped 
nanoparticle acceptors, typically unsuitable for conventional Förster resonance 
energy transfer studies. The findings described here suggest a general 
approach to constructing a new class of luminescent materials with tunable 
upconversion emissions by controlled manipulation of energy transfer within a 
nanoscopic region. 
In summary, we have developed efficient methods to control the 
functionalities of lanthanide-doped upconversion nanomaterials. We found 





by regulating the architectures of the nanomaterials in one single particle level. 
By spatially confining the doping elements in a single nanoparticle or in 
sublattice crystal structures, we are now able to more efficiently control the 
energy flow and utilize the excited energy from one nanoparticle to either 
enhance its own emission or promote its energy donating in inter-particle 
energy transfer process. The methods presented in this thesis should be helpful 
for making the practical applicable upconversion nanomaterials in the future. 
5.2 Prospective 
    Although numerous studies have demonstrated the great potential of the 
upconversion nanomaterials in diverse applications, there is still a long way to 
go before this kind of nanomaterials can be applied for practical usage. Hence, 
the following aspects are recommended for future research.  
 While the Gd3+ has been proved to be an efficient migrator, it is 
expected that other unexplored lanthanide ions such as Eu
3+
 may 
also serve as possible energy migrators to direct excitation energy to 
desired energy sites.
1
 Hence, one of the possible avenues of future 
work is to investigate the Eu
3+
 based migrating nanoparticles for 
energy transfer studies. 
 In this thesis, we have discussed the significant effect of energy 
migration in different crystal structures (e.g. NaGdF4 and KYb2F7) 
and demonstrated their potential applications in proof-of-concept 
experiments. Considering the outstanding energy transfer features of 
these nanocrystals, it is also recommended to use these materials in 
more practical studies such as highly sensitive bio-detections or NIR 


















I. Abbreviation of symbols 
 
3D     3-dimensional 
ALP     Alkaline phosphatase 
BSO     Buthionine sulfoximine 
CTF Contrast transfer function 
DMEM    Dulbecco's modified eagle medium 
EDS     Energy dispersive X-ray spectroscopy 
EDTA     Ethylenediaminetetraacetic acid 
EELS Electron energy-loss spectroscopy 
EFC     Mouse embryonic fibroblast cell 
EMU     Energy migration upconversion 
ESA     Excited-state absorption 
ESC     Mouse embryonic stem cell 
ETU     Energy transfer upconversion 
EXAFS X-ray absorption fine structure 
FRET     Förster resonance energy transfer 
FBS     Fetal bovine serum 
FITC     Fluorescein isothiocyante 
FFT Fast fourier transform 
FTIR     Fourier transform infrared spectroscopy 
GSH     Glutathione 
GSSG     Glutathione disulfide 




I-PEM Inter-particle energy migration 
LIF     Leukemia inhibitory factor 
Ln     Lanthanides 
LPA     -lipoic acid 
MES     2-(N-morpholino)ethanesulfonic acid 
NIR     Near-infrared 
NMM     N-methylmaleimide 
NP     Nanoparticle 
OA     Oleic acid 
ODE     1-Octadecene 
PMT     Photon counting photomultiplier tube 
QY     Quantum yield 
SEM Scanning electron microscopy 
SHG     Second harmonic generation 
TEM     Transmission electron microscopy 
TPA     Two-photon absorption 
TRIC     Tetramethylrhodamine isothiocyanate 
UCNP     Upconversion nanoparticle 
UCNPs    Upconversion nanoparticles 
UV      Ultraviolet  
XANES X-ray absorption near edge structure 
XAS X-ray absorption spectroscopy 
XPS     X-ray photoelectron spectroscopy 
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